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ABSTRACT

The quasi-elastic (<j£, 2 OL) differential cross-section at
700 MeV was measured as a function of recoil momentum for targets of ^Li,
10

B,

12

C,

ia

0,

21

Na,

27

Al, Fe, and Cu.

A Pb target was also studied, but

a cross-section could not be extracted from the data.
The 700 MeV alpha particles were incident upon a given target
which was viewed by two charged particle telescopes. The telescopes were
oriented at 35°/52.5° to detect the quasi-elastically scattered alphas in
coincidence.

The scattering angles of both particles were measured along

with either their momentum or energy.

Particle identification was accom

plished by a measurement of the magnetic rigidity B £ and the T0F to de
termine the invariant mass on the 35° side and by a combination of
range - dE/dx information on the 52.5° side.
The measured recoil momentum distribution extracted from the
differential cross-section data was found to be consistent in all cases
with a Lorentzian function, the Fourier transform of the asymptotic part
of the radial wave function.

The vertex constants describing the virtual

transition of the target nucleus into an alpha cluster and a core cluster
-3
1/2
were found to be consistent with the same value of 3.6 x 10 (MeV/c)
for each of the targets studied.

Values for the effective clustering in

each of these targets were also determined.

The recoil momentum distri

bution obtained from the **Li target has been found to be in excellent
agreement with other quasi-elastic experiments at energies above 150 MeV.

xii

For monitoring purposes, the cross-section for the reaction
12C(oL,OLn)n c was determined by measuring the induced ^C-activity.

xiii

I.

A.

INTRODUCTION

A Brief History of Alphas Within the Nucleus
The desire to understand the basic constituents of matter has

been a goal of mankind ever since he began to ponder the environment in
which he existed.

A nunber of giant steps have been made toward this

goal within the last 100 years in the discovery of the atomic nature of
the elements and the nuclear configuration of the atom.

Much of this

initial work was done with naturally occurring alpha particles.

It was

with these alpha particles that Rutherford was first able to detect the
presence of the nucleus at the center of an atom.
With the discovery of the proton and neutron along with a myriad
of other subnuclear particles, the use of naturally occurring alpha par
ticles in nuclear studies rapidly declined.
questions remained.

However, many unanswered

Are there preformed alpha particles in nuclei?

so, in what region do they exist?

If

Why do some nuclei, such as Uranium

and Radium, emit alpha particles and other nuclei such as Lithium, Carbon,
and Oxygen show a remarkably small binding energy for alphas?

A related

question is how the presence of alpha particles, or clusters, within the
nucleus can be identified.

B.

The (OI, 20Q Quasi-Elastic Knock-Out Reaction
One answer to this last question is through the use of a knock

out reaction.

When a high energy particle collides with a nucleus a

2

variety of particles can appear emanating from the nucleus in all direc
tions.

This complex background would make it virtually impossible to

observe a particular constituent if it were not for a rather special
knock-out reaction called a quasi-elastic reaction.

In a quadi-elastic

reaction, the ejected particle behaves as if it had been essentially
free within the nucleus.

Such a reaction resembles an elastic collision

between two particles in which the kinetic energy and scattering angles
of the two ^outgoing particles are determined by two''body kinematics.

A

quasi-elastic (oC» 20C) reaction which Involves a high energy alpha in
cident on a nucleus in the initial state and two high energy alphas and
a residual nucleus in the final state, can be identified by looking for
two alphas with kinematical properties similar to those of elastic alpha-

4
He collisions.
There are two ways in which a quasi-elastic reaction differs
from an elastic reaction.

Since;the target particle (alpha) is bound

within the nucleus, a certain amount of energy is needed to separate it
from the nucleus.

Thus, the kinetic energy in the final state will dif

fer from the kinetic energy in the initial state by an amount equal to
this separation energy.

Secondly, the target particle may have a momen

tum with respect to the center of mass of the nucleus.

This "Fermi

momentum" will cause the kinematics to differ from the elastic case in
which the target particle is at rest.
Quasi-elastic reactions can occur only if certain conditions
are met.

In the above description, it was assumed that the incident

particle interacted with just the target particle and the residual nucleus
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remained only a spectator; this description is known as the spectator
model, or alternatively the Plane Wave Impulse Approximation (PW1A).

If

this is not so, and the projectile and target particles do interact with
the residual nucleus, the reaction kinematics may be strongly distorted
and no longer resemble elastic kinematics.

Two conditions for the val

idity of the spectator model are that the reaction be localized and the
Fermi momentum small.
The reaction can be considered localized if the de Broglie wave
length of the incident particle is small compared to the internucleon dis
tance, and also the reaction region corresponding to the momentum transfer
through the uncertainty principle is small.

These conditions are well

satisfied for heavy particles with energies of over 100 MeV and momentum
transfers of several hundred MeV/c.

In this (OL, 2 CL) experiment the in

cident alpha had a kinetic energy of 700 MeV which corresponds to 0.08f.
For the geometry chosen the momentum transfer in the center of mass was
1100 MeV/c which corresponds to a localized region of 0.18f.

Both these

values are much smaller than a typical internucleon distance of slightly
greater than l.f. However, it should be noted that the radius of an alpha
particle is about 1.6f.

This indicates that it is really geometrical optics,

in which a particle's trajectory can be approximated by a ray, and not wave
optics which describes the interaction region.

This region of interaction

is characterized by the physical size of the alpha and not its wavelength.

C.

Motivation for the Design of the Experiment
Although the concept of alpha clustering in nuclei is an old

one, going back to the 1930's, a revived interest can be traced to work
1 2
done by Wildermuth and his collaborators * around 1960.

Since that time
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interest has continued to grow both theoretically and experimentally
through the work of many people.

Conferences have been organized

strictly to discuss this phenomenon (for example, see Ref. 3).

The

simple concept of a knockout reaction which allows the momentum state
of the alpha within the nucleus to be identified has been enticing to
both experimentalists and theorists.

Yet the basic question of cluster

ing within nuclei still remains largely unanswered.
The experiments conducted to study clustering phenomena have
been done in a variety of ways.

Although many nuclei have been studied,

the emphasis has been on lighter nuclei, with ^Li the most popular.
These targets have been probed with such

projectiles as'

electrons, protons, alphas, and pions over a wide range< of energies up
to about 1 GeV.

Our experimental group has studied such reactions as

^Li(p,pd)^He ***"* and ^Li(p,pt)^He ® at 600 MeV.
(oi , 2 0Q experiments has been done.

A large number of

These experiments have all been

done at energies below 100 MeV with the exception of one; that experi
ment^ was done at 915 MeV in 1962 with techniques which were then state
of the art; only an integrated quasi-elastic cross-section was measured.
There was an obvious lack of data from (.OL, 2 oO reactions at
energies above 100 MeV.

Such data was strongly desired because the PWIA

becomes better at higher energies.

There had not been a systematic

study of several target nuclei to determine how clustering, if it in
fact does exist, varies with A.

The study of the reaction *L i ( < k t 2 0()d

would add a third channel to the two already studied on **Li by this re
search group.

An incident beam of alphas is advantageous in the study
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of alpha knock-out reactions since the momentum transfer Is maximized
for a given Incident kinetic energy triien the two particles have equal
mass.

With the development of a 700 MeV alpha beam at the Space

Radiation Effects Laboratory, such an experiment was made possible.
It was desirable to use light nuclei for targets as those may
be expected to have a high degree of alpha clustering.
commonly studied nuclei are **Li, "^C, and ^0.

The three most

was also chosen,

since it has an A value between Lithium and Carbon.

Four "intermediate"

mass nuclei,

23
27
Na,
Al, Fe, and Cu, were studied along with the heavy

element Fb.

These nuclei were included since almost nothing is known

about clustering effects in the heavier nuclei.

The primary objective

of this experiment was to determine if the amount of clustering in
nuclei increases with A as it has been predicted.

D.

Information Obtainable
The experiment was a kinematically complete energy sharing

experiment in which the quasi-elastic cross-section d'V /d-n-jd-C^dE> ■
was measured.

The experiment was kinematically complete because the vec

tor momentum of each particle in the initial and final states was known
or could be calculated.

This was possible because the total vector

momentum in the initial state was known, and the vector momentum of two
of the three particles in the final state was measured, making it pos
sible to calculate the vector momentum of the third, or recoiling, par
ticle.

The classification energy sharing denotes an experiment in

which the two particle telescopes detecting the two outgoing alpha par
ticles are fixed at a pair of quasi-free angles.

(Quasi-free angles
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are the angle pairs at which the two outgoing particles would scatter
If the Fermi momentum of the target alpha was Initially zero.)

An

energy (or momentum) distribution of the alphas traversing each tele
scope Is measured.
The quasi-elastic cross-section is measured as a function of
the recoil momentum.

Information on the momentum distribution of the

alpha cluster within the nucleus can be extracted from this crosssection along with the effective number of alpha clusters.

The simplest

and most direct way of extracting this information is through the ap
plication of the PW1A.

The (C(, 2 C() reaction must occur at the

periphery of the nuclear surface in the extremely rarefied regions of
the density distribution because of the large break up cross-section of
alphas.

Since in this region the alpha is beyond the nuclear potential,

its radial wave function must have the asymptotic form

where

■ < P F B, with p

, r, and B the reduced mass, the relative sep

aration and separation energy of the alpha-residual nucleus system, and
g is the transition amplitude (or vertex constant) describing the vir
tual dissociation of the nucleus into an alpha and the residual nucleus.
This wave function is known as a pole function.

The square of the

Fourier transform of this function describes the momentum distribution.
This function has the;form of a Lorentzian.

The determination of % and

g for a number of nuclei was the objective of the experiment.
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E.

Summary of Information Obtained
A momentum distribution, an effective cluster number, and a

vertex constant were determined for each of the five lightest nuclei —
6
10
12
16
23
Li,
B,
C,
0, and
Na.

In each case both Lorentzian and Gaussian

functions were fit to the distributions determined.

The range of recoil

momenta probed extended into the region around 150 MeV/c.

The statis

tics on the data points were such that the fitting of more complex wave
functions was not warranted.

The effective amount of clustering nej£»

observed was greatest in ^Li; for the other four nuclei, this quantity
was smaller by a factor of 1/2 to 1/4.

The values of g for all five nu

clei were consistent with a constant value.
A sufficient number of events was not obtained from the

27
Al,

Fe, and Cu targets to enable the determination of a momentum distribu
tion.

However, by assuming the appropriate Lorentzian form, values for

the effective clustering and the vertex constant were determined.

The

values for ng^^ were significantly smaller than for the five lighter
nuclei.

The vertex constants for Al and Fe were in agreement with the

values found for the other five.

The vertex constant for Cu was much

smaller, but the uncertainty due to poor statistics is quite large.

No

reliable information was gained from the Fb target.
The measured values for clustering do not necessarily answer
the question of the A dependence of clustering because of the localized
region probed.

These values do not necessarily indicate the presence

of preformed alphas since experimentally there is no distinction between

8

these and those formed through a multiple collision process.

However,

the data does support the presence of 2 alphas in the final state with
quasi-elastic kinematics.

The extracted momentum distributions have

the form expected from a simple alpha decomposition of the nucleus,
lending credit to the .assumption of preformed alphas.

The most inter

esting result from the experiment is an unexpected constant value of the
vertex constant for at least the lightest nuclei studied A ■ 6 to 23.

F.

Summary of the Following Sections
In Chapter II there is a discussion of the theoretical back

ground for the experiment.

This includes the PWIA and some of the ap

proximations involved in applying it to this situation; the cluster
model formalism and its application to the nuclei studied; and the use
of the pole approximations in the PWIA cross-section formula.

Chapter

III considers some previous experimental work relevant to‘this work
along with some of the experimental considerations encountered in the
experiment.

Chapter IV is a description of the experimental system.

Chapter V the data reduction process is developed.

In

Chapter VI contains

the derivation of the method used in extracting recoil momentum depen
dent cross-sections from the data.

Chapter VII contains the results and

Chapter VIII, a discussion of them.
There are five appendices included.

In Appendix 1 there is a

derivation of the quasi-elastic cross-section using the PWIA.

Appendix

2 is a description of the computer program, QUASEI, which was the primary
source of data reduction.

It calculated the momentum from the spark
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chamber data among other things.

Appendix 3 Is a description o£ DATSRT,

a computer program used In reaction Identification.
In the measurement of the

The procedure used

production cross-section which was used in

the calibration of the beam monitor is given in Appendix 4.

The last

appendix, Appendix 5, contains a description of an alternate method of
calculating a quasi-elastic cross-section.

II.

A.

THEORETICAL INTERPRETATION OF THE EXPERIMENT

Introduction
In an experiment studying a knock-out reaction, it is nec

essary to have a model to describe the interaction between the incident
particle and the.target nucleus.

In this work, the interaction mechanism

is interpreted according to the plane wave impulse approximation (PWIA).
This is based on a simple picture in which the incident particle inter
acts with only a cluster of nucleons within the nucleus, the other
nucleons remaining spectators.

The target nucleus itself is represented

by the nuclear cluster model (NCM). If in the NCM the nuclear wave func
tion is written using certain assumptions, the value of the vertex con
stant describing the

dissociates ■>n of the nucleus into an alpha and a

residual nucleus can be determined.

B.

Use of the PWIA to Describe the Interaction
The derivation and interpretation of the PWIA has been done by

a number of authors.
11.

Some of these works are listed in Refs. 8 through

In order to delineate some of the approximations associated with

this theory, a brief derivation of the quasi-elastic PWIA cross-section
is given in Appendix 1.

The three-body system describing such a knock

out reaction is shown in Fig. 2.

In the initial state there is a par

ticle incident upon a target nucleus.
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One assumes that the nucleus
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consists of two “clusters" with momentum q
target nucleus Is at rest In the lab, "q

and qR In the lab.

+ q_ = 0.

If the

By definition, "q

Is the Fermi momentum or internal;momentum of the 0.-cluster. In the
final state these three particles move away from each other
The expression for the quasi-elastic cross-section derived in
Appendix 1 has the form

where K is a kinematic factor, do* /d-n.^ is the elastic alpha-alpha
cross-section chosen at the appropriate center-of-mass angle and energy,
n ^ ^ is the effective nunber of alpha clusters in the j-th state of the
residual nucleus, and

*f^(q) is the wave function in momentum space,

normalized to one, of the alpha cluster within the nucleus before the
collision, and "q is the momentum of this cluster when the collision oc
curred.

This expression has a straight forward interpretation.

The

kinematic factor K describes the phase space available and the necessary
coordinate system transformation.

The elastic alpha-alpha cross-section

gives the probability for two alphas to scatter elastically at the rele
vant center-of-mass angle and energy.

The nunber of alphas available in

the target in the j-th state is given by ne£ f

Finally, the probability

that the alpha cluster will have momentum q to enable the two alphas to
scatter into the chosen final state, is given by

IfH *•

There are two approximations associated with Eq. (T)rwhich- need
to be discussed.

One is the validity of the PWIA and the other is the

12

use of "on-the-energy-shell" values for the center-of-mass quantities
which are "off-the-energy-shell"; both of these approximations will be
discussed in the next sections.

1.

The validity of the PWIA

The nucleus is assumed to be composed of two clusters, an
alphacluster

and a core cluster (the residual nucleus).

The impulse

approximation assumes the incident particle interacts only with the tar
get alpha cluster, while the core cluster remains a spectator.

It does

not interact with the incident particle before the collision, or with
either outgoing particles after the collision.

Any residual interactions

between the two outgoing particles are included in the alpha-alpha
elastic cross-section.
The validity of such a picture in the case of the (o(, 2 0()
data

from

this experiment can be

of the data is made.

ascertained only after a thorough study

There is some experimental indication that the PWIA

is a useful method for studying such data.

Watson,

12

in a study of the

^Li (Qt, 2C(.)d reaction at energies between 50 and 80 MeV observed quasi
elastic events and used the PWIA to analyze them.

However the spectra

observed had narrower widths than those obtained at higher energies, and
he had to introduce a sharp cut off to the radial wave function to account for the large amount of absorption.
on this reaction at 60 MeV.

13
This was confirmed by Jain

In general, the impulse approximation is a

high energy approximation and is therefore expected to provide a better
description at 700 MeV than at lower energies below 100 MeV.

13

The situation Is not as clear In the case of heavier targets.
The only experiment at high energy was done by Igo et al7 at 915 MeV.
The data Is not sufficient In this case to draw any conclusions.
ber of experiments have been done at energies below 60 MeV.

A num

These seem

to indicate a more sophisticated approach to the analysis is necessary.
mj

Mlthra and Laverriere
60 MeV.

<j p

’

have studied this problem for energies below

The effect at 700 MeV will again have to be ascertained from

the data from the experiment.
Some insight into this matter may be gained by considering the
total reaction cross-section for alphas in nuclear matter.

According to

Igo et al7 the total reaction cross-section for alphas is about 3p.

For

example, the mean free path1of alphas in nuclear matter given by

where p is the nuclear density and <r is the reaction cross-section, is
0.5 f in the region where the nuclear density 16 1/20 the central density.
The value of <T is roughly independent of energy for alphas of kinetic
energy over 100 MeV.

The consequence of this is that only reactions from

the rarefied density region of the polar caps of the nucleus will produce
( CL, 2Of ) reactions.

This can be understood with the aid of Fig. 44.

If

the nuclear density distribution is assumed spherical, events from alphas
incident on a region where

the pole cap radius is approximately one mean

free path will have a relatively high probability of escaping^

However,

alphas incident with smaller impact parameters will either be absorbed,
or cause an (fl£, 2oL) reaction in which one or both of the outgoing
alphas must traverse a distance within the nucleus greater than one mean
free path with a high probability for absorption.

14

There are a number of ways in which second order corrections
are made to the PWIA.

One described by Jacob and Maris

8*

and others

involves describing the nucleus by an Optical Potential and following
the particles through this potential by using the WKB approximation.
This results in distorted waves within the region of the nucleus and is
called the distorted wave Impulse approximation (DWIA). A second ap
proach involves considering the polar diagram shown in Fig. Id as a
first approximation and considering higher order diagrams, such as tri
angle graphs, as corrections.

An example of one of the possible trian

gular graphs is alsonhhown in Fig. lb.

References 14 and 15 calculate

these higher order effects for some nuclei between **Li and ^0.

Yet

another approach adapted by Sharaf and Waly^ uses the Iteration solu
tion of the Faddeev-equation to evaluate the transition amplitude for
these reactions.

2.

The effect of using on-the-energy-shell quantities
The other approximation involved in the derivation of Eq. (1)

is due to the necessity of using on-the-energy-shell quantities to re
place the corresponding off-the-energy-shell quantities.

This occurs

when quantities referring to the scattering of the incident alpha from
an .alpha which is bound to a nucleus are replaced by quantities referring
to the scattering of free alphas.

This approximation is particularly

manifested in the choice of the values for E
Eq. A-14).

cm

and do* /d -O-

cm

(see

There have been numerous prescriptions proposed to elucidate

how these quantities should be evaluated.

Three of the simpler
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prescriptions are the use of 1) only final state quantities, 2) only
Initial state quantities, or 3) a combination of Initial andtfinal state
quantities.

The best prescription to use has been the object of many

experimental and,theoretical studies.

12 17 18
’ *

These studies seem to In

dicate that best results are achieved when the klnematlcal quantities
associated with the final state are used.

However, these calculations

were all made for Incident energies below 80 MeV.

When the klnematlcal

quantities are calculated using each of the three prescriptions described
above for an incident energy of 700 MeV, it was found that their values
differed by less than 1%.

Thus, the error introduced by this approxi

mation (in the interpretation of the cross-section) is negligible when
compared to other uncertainties in the experiment.
One other feature of Eq. (1). merits discussion.'r ,This„lshthe
summation over the various states of the residual nucleus.

Since each

state involves an energy different from the other states, it is generally
possible to separate the contributions from each state by sufficient
energy resolution of the two outgoing particles.

Such a separation was

not possible in this experiment, leading to difficulties in the inter
pretation of the recoil momentum distribution and the effective number
of alphas associated with it.
In the reaction ^Li( Oi, 2 00 the residual nucleus can be a deuteron with only one bound state.

If the residual nucleus is unbound, the

spectrum of the missing energy (the missing energy is the difference be
tween the energies in the initial and final states) would form a contin
uous background beginning with the energy needed to break up the deuteron,

16

and extending to relatively large values.

By extrapolating backward

under the peak due to the bound ground state, the contribution due to
the unbound states can be removed.

There Is, however, the 66 keV

resonant state which, If excited, would be difficult to remove.
tunately this state has Isospin of

zero

For

which cannot be excited In

this reaction.
The problem Is more difficult with the heavier target nuclei.
Excited states of a few MeV may be populated in the recoiling nucleus and
these states cannot be resolved from the ground state. There is, however,
some information available which tends to limit the number of excited
states populated and the extent to which they are populated.

The fact

that the (Q£, 2 Oi) reaction is primarily a surface reaction implies
that the alpha cluster will have a tendency to be produced from the external P shell (in

in
19
ifk
B,
C,
0, etc.) rather than from the S shell

deeper within the nucleus.
Also, according to Balashov,

This tends to suppress certain excited states.
19

the choice of kinematics which allows the

study of the recoil momentum distribution about q ■ 0, tends to truncate
the fractional parentage expansion to one term.

C.

The Cluster Model
The concept of clusters within nuclei was proposed and has been

studied in various forms since the 1930's.

In particular, the case for

alpha; clusters within nuclei has been attractive for a number of reasons.
Alpha particles are a tightly bound system of two neutrons and two pro
tons with a large binding energy.

Since this binding energy per nucleon

pair is greater for alphas than for any other nucleus, it would seem that

17

the formation of alpha clusters would be energetically favored In nuclei.
The dissociation energy of

12
16
C and
0 Into and alpha cluster and a core

cluster Is 7.4 and 7.2 MeV respectively which Is much smaller compared
to the large binding energies of the last neutron which is 18.7 and 15.7
Q
MeV respectively. The best example of this latter fact is Be which dis
associates directly into two alphas.

Another indication of alpha clus

tering is that the reduced alpha-widths are close to the Wigner limit
for these nuclei.
The first attempt to describe the nucleus in terms of alpha
clusters was the alpha-model.

20

This rather simple model employed the

concept of point, separated alpha particles within the nucleus to des
cribe nuclear properties.

However, the development of the shell model

soon proved to be a much better description of nuclear matter.
The development of a new concept of alpha clustering was begun
in the early 1960's.
group model.
or NCM.

21

The concept had its origins in Wheeler's resonating

This theory has been termed the nuclear cluster model,

Complete discussions of this theory can be found in Refs. 3,

23, and 24.
The two main differences between the NCM and the alpha particle
model are the inclusion of finite sizes of the clusters (alphas) and the
complete antisymmetrization of the wave function, thus allowing for the
exchange of all nucleons.

An interesting feature of the NCM is that when

completely antisymmetrized oscillator cluster wave functions are used to
22

describe a nucleus, they can be shown

to be completely identical to the

antisymmetrized shell model oscillator wave functions.

The antisymmetri

zation removes extraneous solutions which would cause inconsistency

18

between the two different models.

The Importance of this Is that the

NCM provides a different set of basis vectors to describe nuclei which
may be more convenient than the usual shell model functions but equiva
lent' to It.
It Is Important to realize that a cluster In the NCM should
not be visualized as a separate entity within the nuclear volume.

It

represents the correlation between a number of nucleons In the nucleus.
These correlations between certain specific nucleons are constantly
changing.

However, the probability of any four nucleons (in the case of

an alpha cluster) being correlated in the form of an alpha particle
should be constant for a given nuclear state.

This approach permits a

simplification of the many-body problem in a physically reasonable way.
Following Ref. 22, the total ground state wave function of a
nucleus with A nucleons can be written in terms of an alpha cluster
wave function

a core cluster wave function ^ c, and the relative

motion between them.

Using harmonic oscillator functions for simplicity, these wave

^

functions have the form

\o.i.i.i) = exp ['f £ (y<
X(s-,») 5 e x p { - 1
1

R«

i; i

R -- I V

A

-

r
ir>

i
Y,
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A is the antisymmetrization operator containing the appropriate normal
ization factor, ^

is the relative motion wave function and X ( l * * *A)

r (R)

contains the spin and isospin functions.
the A nucleons.

The "r^ are the positions of

and "R^,, shown in Fig. 44, are the center-of-mass

coordinates of the alpha cluster and the core cluster.

R is the relative

position of the two clusters, and a and c are the size parameters of the
clusters.

In the case of ^Li,

function.

For

would correspond to a deateron wave

12
16
8
12
C or
0 it would be a Be or
C ground state wave

function, respectively.

In the case of the more complex nuclei, the

core could be described in terms of additional clusters.
To be more specific, consider a relative motion function for
^Li of the form (Neudatchin, Ref. 23).

-

[i- f

e

(2)

This is a 2S type oscillator function which is necessary to provide two
quanta of energy above the zero point energy.

This is required; because,

according to the shell model, there are four nucleons with zero quanta
and two F nucleons each with one quantum of energy.

In the cluster

model, the alpha cluster and the deuteron are considered in their ground
state, so the remaining energy must be contained in the relative motion
wave function.

t

A ID oscillator function of the form

r

(K)

-

|R|

e

would also provide 2 quanta of energy.

o)
However, according to Brennan,

the D-state contribution to the ^Li ground state is less than 3%.

24
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An important characteristic of both functions 2 and 3 is that
when a = c = st i.e., the size parameters are the same and equal to the
separation parameter, the complete antisymmetrized cluster functions are
identical with the completely antisymmetrized shell model functions, in
dicating the equivalence of the NCM with the shkll model in this case.
There are two extra parameters involved in the NCM.

The one, x = s/a,

is a measure of the relative separation or isolation of the alpha cluster
from the deuteron (or in general from the core cluster).

When x-»0, the

NCM tends toward the alpha model in which the alphas were isolated from
each other.

When x "+1 the NCM tends toward the shell model.

In this

latter case, there is an increasing amount of overlapping among the nu
cleons, so exchange effects are important.

In the former case there is

little overlapping and the effects of antisymmetrization become less
important.
The value of x varies extensively from nucleus to nucleus.
Neudatchin

estimates x for

Li to be about 0.4.

If 1.6f is taken for

the rms radius of an alpha this value of x predicts a separation of the
alpha and the deuteron of 2.5f.

This can be compared to the rms radius

for a deuteron of 2.2f. By plotting the probability of the E2 and E3
in
ig
transitions for
C and
0 respectively as a function of the separation
parameter x, the value for x could be determined from experimental
measurements.
and 0.9 for

24
Neudatchin and Smirnov
found a value for x between 0.8

12
C.

In

16
0, x was found to be 0.7 + 0.1.

From these values,

It appears the alpha cluster is more isolated in **Li than In

or ^0.

The other parameter involved in the ^Li wave function is y r b/a,
which measures the relative size of the alpha and of the deuteron, and

21

should be reasonably close to the values for free alphas and deuterons.
If sensitive enough measurements could be performed, a measure of y
could Indicate the.effects of binding on the size of clusters relative
to the corresponding free particles.
Since the relative motion wave function In momentum space Is
one of the quantities directly measured In a knock-out reaction, a great
deal of theoretical work has been done to predict Its form.
has been concentrated on ^Ll.

This effort

The .wave function In momentum space Is

found In the usual way by taking the Fourier transform of the spatial
wave function, I.e.,
- i f •R
(4)

Since oscillator type wave functions provide a basis for understanding
the NCM, it would be expected for ^Li that a 2S transformed wave function
having the form of

.

i

, n
i

would be a suitable function.
symmetrized has a similar form.

- § ( % H
e
3
-i

(5)

The ID wave function, when suitably anti
A parameterized momentum function of
c< ^

the form

f(„= I (aj +bi%')e
I CV

j = 1,1.3

3

has been proposed by Kurdyunov et al.

J

25

1

(6)

The nine constants were deter

mined from the measurement of high energy electron scattering form factors.
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Note it is also a 2S type function,

Another 2S function which has pro

vided a better fit^ to previous data than the other functions mentioned
above has the spatial form

,

.

s\-CJR\

r- -c ir|x

(6)= NIRlTe ‘

\

I

J

+ c*e

(7)

with

* 0.18£

Schmid et al.
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—2

;

“ 0.25;

reproduces the

“ 0.065f
6

—2

. This function, proposed by

Li charge.distribution found from elec

tron scattering experiments.
A IS wave function of the form

_

I

R I

<8 >

with Rp = 0.8f and K * ^ 2 ^B'where jX and B are respectively, the reduced
mass and the binding energy of the alpha-deuteron system, has been successful in predicting electron scattering form factors of light nuclei.
This is an Eckart type function prepared by Payne and Von Behren.

27

28

The situation is much more complicated in heavier nuclei, and
29
Kudeyarov
uses a relative

only limited theoretical work has been done.
motion function of the form

-e ? I* ! "

= P<«, " K) e

R,

t*Vi
are the location of the i
cluster and P(R^...R^) is a

where the

<9>

polynomial.
For
%

16
■ ~
r
0 relative motion wave functions of the Eckart type

(r ) -

H

( i

-

e

K/*' )

/

G .

“ jf"

(10)
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have been proposed by a number of people.

28
Payne and Von Behren
choose

27
Nobel
finds that Inelastic electron scattering

n =» 1 and Rg ■ 2.8f.

form factors can be explained when n » 5, Rj « 2.8f or n ** 6,

= 2.If.

Eckhart type wave functions (which are more or less ad hoc)
are written to be asymptotically correct, and "reasonable" at the origin
I.e., taking Into account the effects of the Pauli principle near the
origin.

The first R-dependent term simulates this by going to zero as a

power of R.

The second R-dependent term describes the wave function for

R^C^R q • This is to be expected, because the asymptotic form of the
radial wave function outside the nuclear potential must behave as
-XI?
~

X ( t )

e

/ r

(11)

This asymptotic form is known as a pole function.

It is particularly

relevant to the (Ct, 20L ) reaction since, as described above, this
reaction is strictly peripheral.

D.

The Vertex Constant g
In Appendix 1, the PWIA was used to describe the upper vertex

fo diagram (a) in Fig. 1.
tained in the

The structure of the target is entirely con

I f ( i ) | 2 in Eq. (1) describing the lower vertex of Fig. la.

This lower vertex describes the virtual transition
A

X

30

/ /

—

^

*

*

X . ,

in which the target nucleus dissociates into an alpha cluster and a core
cluster.
When the reaction occur# at the periphery of the nucleus, the
main contribution to the amplitude describing this virtual transition

24

will come from the S-state component of the alpha-core cluster wave
function, and the transition amplitude M, will have the form:
M

=

9

where g Is the vertex constant.
the relative momentum.

o

In general, g will be a function of 9.,

However, the values of q in the range
S

g may be considered constant.

±
Using the above expression forM, the

relative motion wave function in momentum space can be written

31

as

The square of this wave function has the form of a Lorentzian and will
be substituted into Eq. (1) for the ground state, thus providing a re
lationship between the cross-section and the vertex constant g.
An interesting and relevant comment on knock-out processes has
been made by Shapiro

32

in "Dispersion Theory of Nuclear Reactions".

". . . The calculation of the knock-out of complex-particles (d, t, etc.)
does not necessitate the assumption that they exist in the nucleus for a
long enough time compared with the collision! time (in other words, there
is no need to describe the state of these particles by wave functions).
According to the formalism developed here, nuclei 'consist of' deuterons
and alpha particles, in the same sense in which a neutron is said to
consist of a proton and a meson.

In other words, even a stable nucleus

is a dynamic system virtually emitting and absorbing back all kinds of
particles.

These virtual particles make up the nuclear periphery just

25

as the virtual mesons form the periphery of a nucleon."

It is only in.

this sense that we are measuring the clustering within the nucleus.

E.

The Effective Number of Alpha Clusters nftff

A quantity of interest is ngff, the effective number of alpha
clusters within the nucleus.

23
It can be calculated theoretically
by

finding the overlap integral of the alpha cluster and the core cluster
wave functions with the nuclear wave function.

Its value is usually

greater than one, due to the fact that one nucleon can effectively be a
part of more than one cluster.
change of nucleons.
to be about 1.1.

This is a consequence of appreciable exg
In Ref. 33, Kudeyarov et al. calculate &e££ for Li

The values of n
for
eri

and 13.6 respectively in Ref. 24.

12

C and

16
0 are given as 7.2

It is also pointed out there, that

most of the clustering takes place in the outer (P) shell of ^0.

This,

however, seems to be mainly due to the greater number of nucleons
located in the P shell.
It is important to point out that ng^^, calculated as described
above is not what is measurable by the (&, 2OL ) reaction.
is more of the type discussed by Shapiro.

Our measurement

Any value for nef£ determined

from this experiment is expected to be less than those values quoted
above.

Only if a calculation is performed taking into account the dis

tortion effects in great detail can the results from this work be compared
to the calculations of ngff mentioned above.
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F.

The Presentation of the Experimental Results
The square of the momentum wave function determined in this

experiment will be fit to a Lorentzian function of the form

f

f 'f )

=

<“ >

From this fit values for g, n e ff*
extracted.

f* f Cq - 0) and “e££

(obs) will be

The quantities ne££ and t*e££ (obs) differ in that the former

is calculated under the assumption that the Lorentzian function is valid
to all values of q.

Since this assumption is not warranted, ne££ can be

interpreted as little more than a normalization constant to the asymptotic
form of the radial wave function.

The quantity ng^^ (obs) is calculated

only for values of q observed in the experiment.

Thus, it is a descrip

tion of the-amount of clustering actually observed.
A second wave function of the Gaussian form

f

U

-

k

was also used to fit the data.

e

'

W

This function was chosen because it has

the form of a Fourier transformed harmonic oscillator IS wave function,
it provides a reasonable fit to theidata, and it is a useful form for
comparison with other experiments. A value for n£^^ using this wave
function will also be extracted.

It will be found to be smaller than

when the Lorentzian form is used, simply because the Gaussian falls off
(for large values of q) much faster than the Lorentzian.

III.

A.

EXPERIMENTAL BACKGROUND

Previous Experiments
There have been a variety of experiments performed since the

1960's which have probed the cluster structure of nuclei.

The probes

used in these experiments have included electrons, protons, alphas,
pions, and kaons, over a large range of energies.

Some of these experi

ments which are pertinent to this work are described below.

These in

clude ((£, 2 01) experiments from about 20 to 900 MeV incident energy on
many different targets; (p, p<*) experiments on targets similar to the
ones used in this experiment and some pion experiments.
The only (<X, 2 0L> experiment at energies greater than 150 MeV
was done by Igo, Hansen and Gooding^ at 915 MeV in 1963.

In this experi

ment two particle telescopes measured both E and A E at angles of 22°
and 65.5°.

The angle of the low energy arm was varied.

vestigates were He, C, Al, Si, Ca, Cu, Pb, Bi, and U.
this experiment were uncertain due to poor

The targets in
The results of

counting• statistics (119

total events for C to only 3 events for Bi). Also, the angle for each
particle was not well defined, so that it was not possible to obtain a
recoil momentum distribution (see Section VIII E).

The experiment in

dicated the presence of alpha clusters in all the targets studied.

An

interesting result was the ratio of the integrated quasi-elastic crosssection from

12
4
C to the elastic cross-section from alpha- He which was

quoted to be around 4.
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There have been a number of ( CL , 2QL) experiments at energies
below 150 MeV on various targets.
done on ^Li.
Deconninck

The majority of these experiments was

V. K. Dolinov et al.^ studied ®Li (<X, 2 0Od at 25 MeV,
studied it at 37.5 MeV and Gaillard et al.

42.8 MeV.

The complementary reaction

Bahr et al.

37

at 23.6 MeV.

studied it at

6
4
Li(<* , CL d) He was studied by

Bahr et al, used the impulse approximation to

extract a recoil momentum distribution with a full width at half maxi
mum (FWHM) of 48+6 MeV/c.

The most significant result from these low

energy experiments is that the quasi-elastic knock-out process can be
identified even at these low energies.

However, it is very difficult

to extract much detailed information at these energies for a number of
reasons:

The effects of both nuclear and Coulomb distortion are signif

icant even in ^Li.

The large fluctuation in the elastic alpha-alpha

cross-section makes the determination of the appropriate value to be
used in analysis difficult to ascertain.

The off-the-energy-shell ef

fects create significant ambiguities in any analysis.

Also, the prob

ability of observing alphas from sequential reactions is large.

A

sequential reaction occurs when the incident particle (an alpha in this
case) scatters inelastically from the target nucleus leaving it in an
excited state.

Shortly thereafter the nucleus decays through the emis

sion of a particle (a second alpha in this case).

An example of such a

reaction is

cc +

‘l ; —

^

cC
*— ► d + *

It is difficult to separate such reactions from quasi-elastic reactions

29

at low energies, particularly when the mass of the target nucleus Is not
much larger than the mass of the emitted alpha.
g
Li(fit, 20C)d ex-

In the energy range from 50 MeV to 80 MeV
periments were done by Pizzi et al.,

38

Jain et al.,

13

and Watson et al.

14

The purpose of the experiment by Watson was to determine if the PWIA was
a valid approach to studying this reaction at these energies and to de
termine the best procedure for calculating the off-the-energy-shell
quantities.

They concluded that the PWIA was applicable to this reaction,

and that the final state quantities were better suited to calculate the
necessary center of mass quantities.

They also found that to understand

the data according to the cluster model, a radial cut off was necessary
for the wavefunction describing the relative motion.
cut-off was determined from the observed width.

The value of the

The purpose of the work

by Jain et al. was to compare the (0(, 2Ct) and the (p, pOi) reactions
on ^Ll.

They concluded that the (p, p0() reaction gives somewhat better

results.

This is due to the slower velocity of the alphas compared to

the protons at this energy (60 MeV) and the more rapid variation of the
alpha-alpha elastic cross-section.

The work by Pizzi et al. at 55 MeV

is in agreement with the work by Watson et al. in favoring the use of
the final

state quantities in the application of the PWIA.

a width parameter

P (see Eq.

They found

(14)) of 42 MeV/c when the final state

quantities were used and 28 MeV/c when the initial state quantities were
used.

The results of all three of these experiments in this energy range

are in agreement.
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There have been a few (01, 2 CL) experiments on targets of light
nuclei other than on Lithium isotopes.
and

12

C at 28 MeV.

In

12

Dolinov et al.

34

investigated

9
Be

C they observed the quasi-elastic process and

the sequential decay from two excited states.

Yanabu et al.

39

also ob-

12
9
served the quasi-elastic process at 28 MiaV from
C and Be. At 100 MeV
/ A
4A
Q
Jacquot et al.
studied the reaction
C (OC , 2 o O Be. They observed
g

knock-outs which left the recoiling
excited states.

Be in its ground state and several

This was apparent from a well-defined peak for the

ground state and a broad continuum for the excited states.
For heavy targets, the ('fit , 204) reaction was investigated on
40

Ca at 28.7 MeV and 30.5 MeV by Bauer et al.

et al.

42

at 104 MeV.

was identified.

28
and on Si by Plleninger

In the former experiment the quasi-elastic reaction

In the latter experiment, quasi-elastic scattering was

measured which left the recoiling
excited states.

41

24
Mg.in its ground.^state and in three

The recoil momentum distributions were fit to oscilla

tor wave functions.
There are many other ways of measuring the same quantities
which are measured in an (o£, 204) experiment.

These include scattering

by protons, pions, and electrons; and the absorption of bosons such as
gammas, pions, and kaons.

Two types of experiments closely related to

(0t, 2<X) experiments will be discussed below:

the (p, p o Q knock-out

reaction and pion absorption.
As in the case of ((£, 20L) experiments, a number of cluster
knock-out experiments with protons have been done on ^Li of the type
®Li(p,pd) or ^Li(p, ptt)d over a range of energies.

The (p, pot) work
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of Jain et al.

13

at 60 MeV was described above.

Ruhla et al.

both the (p, pd) and (p, p d ) reactions on ^Li at 155lMeV.
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studied

They measured

a recoil momentum distribution and an effective cluster number for both
4
reactions which were essentially in agreement. Alder et al. and
Kitching et al.

5

have studied the reaction

recoil momentum up to 240 MeV/c.

6
4
Li(p, pd) He at 590 MeV for

An interesting result of these experi

ments is that the width of the recoil momentum distribution and the ef
fective cluster number increases as the energy of the incident proton
increases.
There have been a number of (p, po O experiments on
first was done by James and Pugh
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at 150 MeV.

12

C.

The

They were able to measure
g

the effective cluster number for all final states of
+ 0 23

be 0.30
Hovrani

o*ll*
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Be and found it to

^ bubble chamber experiment at 123 MeV by Yuasa and

confirmed the observation of alpha knock-out from

energy study of this reaction was done by Epstein et al.
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12
C.

A low

at 47 MeV.

At this energy the quasi-elastic reaction is more difficult to observe
because sequential decay modes of the

12

experiment at 160 MeV, Kannenberg et al.
in both

16
12
0 and C.

C nucleus are dominant.
47

In an

studied the (p, pOI) reaction

In this work, significantly more clustering is ob-

g

seirved when the

Be recoiling nucleus is in the ground state than was

found by James and Pugh.
smaller than in

12
C.

The clustering in ^*0 is found to be four times

A survey type (p, pOt ) experiment at 156 MeV was

carried but by Bachelier et al.^® on ^Li, ^Sfg, ^®Si, ^Ca, "^Ce, add
232
Th.

Their results seem to indicate the amount of alpha clustering in

heavy nuclei is roughly constant over the range of nuclei studied.
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ol, 20O

A third reaction type relevant to the study of the
reaction is the absorption of pions on nucleon pairs in ®Li.
tion

The reac-

6
4
49
50
Li(IT nn) He) was studied by Davis et al.
and Calligaris et al.

The reaction ^Li(TT+pp)^He has been studied by Butman et a l.^ and Arthur
et al.
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In the most recent of these works by Arthur et al., the recoil

momentum spectrum measured was found to bei consistent with the one
measured by Alder et al.

4

and Hitching et al.

5

The effective number of

clusters was found to be 1.25 which is somewhat larger than the 0.8.
found in the (p,pd) experiment.

This larger value is ascribed to the

fact that the pion absorption is sensitive to weaker nuclear correlations
than the knock-out reaction which requires the presence of a deuteron
cluster in the final state.
A number of experiments which study the emission of nucleons
after pion and kaon absorption have been preformed.

The experiments de

termine the number and type of nucleons emitted by identifying the final
state nuclei from their nuclear de-excitation gamma spectrum.

An enhance

ment has been noted for the removal of a multiple of two protons and two
neutrons.

An example of a spectrum due to kaon absorption has been ob-

tained by Barnes.
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Examples of results from pion absorption experi-

ments have been reported by Stronach et al.

54

and Jackson et al.
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There are some inherent difficulties in the interpretation of
such experiments.

The degree of spatial correlation of the two protons

and two neutrons is not known in such an experiment.
than in an (&, 2(E) experiment.
excited state can be detected.

It is probably less

Also, only residual nuclei left in an
The interpretation of these experiments

is still proceeding through the application of several models.
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From the above, it is evident that there is a substantial
number of experiments which provide a background for comparison to this
wotk.

It is evident from the above discussion that the number of alpha

clusters in heavier nuclei is not well established; the experimental
results depend strongly upon the incident energy, the scattering geometry,
and the probe.

B.

Experimental Considerations
In the design of an experiment to measure the cluster charac

teristics of nuclei, the-availability of both protons and alphas of
reasonably high energies provides the experimenter with an interesting
choice of probes.

According to the Impulse Approximation, the cross-

section should be independent of the type of particle used as a probe*
This is because the incident particle-cluster interaction is contained
in the center-of-mass elastic cross-section used in Eq. (1).

However,

this cannot be completely true, because nuclear distortion effects are
different,for different probes.

Thus, it is interesting to compare re

sults obtained with several probes.
Furthermore, each particle has certain characteristics which
may or may not be advantageous in alpha knock-out reactions.
can be lost due to break-ups.

Alphas

Proton beams are easier to handle, and

are more readily available with higher intensities over a wider range
of energies than alpha beams.

The mean free path of protons in nuclear

matter is longer than for alphas permitting an investigation of a deeper
nuclear region.

However, the alphas scattered by protons from deeper
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within the nucleus will undergo greater distortion and have a higher
probability of being broken up. This indicates few alphas from these
greater depths will be observed.

For lower energies, the proton-alpha

elastic cross-section is smoother than the alpha- He elastic crosssection.

At higher energies, over 150 MeV, both cross-sections are

equally smooth.
The main advantage in using energetic alphas to study alpha
clusters in nuclei is the favorable kinematics due to equal masses.

A

maximum momentum transfer at a given scattering angle occurs for a fixed
incident kinetic energy when the masses of the colliding particles are
equal.

As an example, consider the 700 MeV alpha beam and the 600 MeV

proton beam available at the Space Radiation Effects Laboratory (SREL).
The incident momentum of these two beams are 2400 MeV/c and 1200 MeV/c
respectively.

At the angles chosen for this experiment 35°/52.5°, the

low energy alpha had 245 MeV kinetic energy and a momentum of 1370 MeV/c.
If the proton beam was used to scatter alphas at 52.5°, the alpha would
have a kinetic energy of 147 MeV and a momentum of 1060 MeV/c.

The dif

ference becomes more significant if the proton is required to scatter at
35°.

The alpha then scatters at 66° with a kinetic energy of 66 MeV and

a momentum of 700 MeV/c.

Since the energy loss through material is in-

2
versely proportional to v , a high kinetic energy for the alpha is par
ticularly useful.

This is an important consideration since relatively

thick targets are required due to small cross-sections.

The higher

energies also make it easier to separate alphas due to knock-out reac
tions from those due to sequential decays.

In the geometry chosen for
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this experiment, sequential decays could be detected only for ^Li; and,
even In this case, the geometry was highly unfavorable toward such reac
tions .
The beam energy Is also a quantity to consider.
minimize the effects of nuclear distortion.

High energies

Thus, the PWIA Is a better

approximation, which permits a simpler Interpretation of the data.

If,

however, excited states of the recoiling nucleus of 5 to 10 MeV are to
be Identified, an overall energy resolution of a few MeV Is required.
This Is particularly difficult at high energies.

There is often an un

certainty in the beam energy of this size, and a variation in the energy
loss within the target can be significant.

Although thin targets can

overcome this uncertainty, scattering cross-sections in the order of
microbaras requires targets of a few MeV thickness to achieve reasonable
counting rates.
Knock-out reactions in which a recoil momentum distribution
of the unobserved particle is measured, usually take the'form of either
an energy sharing experiment or an angular correlation experiment.

In

the former, a wide energy (or momentum) acceptance is selected for both
particles . > detected with a narrow angular acceptance.

In the latter

case, a wide angular acceptance is chosen with a narrow energy (or
momentum) acceptance.

In either configuration an experiment is usually

designed to include the quasi-free angles and the corresponding energies
for elastic scattering.
momentum.

This enables data to be taken for zero recoil

In this experiment it was found advantageous to identify one
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of the scattered alphas by measuring Its momentum and time-of-flight.
The momentum measurement was made by measuring the deflection of the
particle through the magnetic field of a magnet 36" long.

Due to the

difficulty In aligning and then realigning such a device, an energy
sharing configuration was chosen.

However, certain aspects of an angu

lar correlation experiment were included; since wire spark chambers were
used to determine a range of angles.
The quantity to be chosen then was the quasi-free pair of
angles.

Ideally, symmetric angles of about 45° are the most desirable.

At these angles, the kinematic factor is constant over the range of re
coil momenta probed and absorption is minimized.

However, at the time
4
the experiment was being executed the elastic alpha- He cross-section

was not known at 700 MeV.

Since the cross-section Is expected to be

minimal in this region, a pair of angles was chosen at which the elastic
cross-section was expected to be larger.

Too large an angle was not de

sirable for the low energy alpha since the target thickness would be
come important and the energy resolution of the range telescope would be
reduced.

The angles chosen were 35°/52.5°.

It is interesting to note

that after the experiment was completed, it was learned that the elastic
cross-section is about six times larger at the angles chosen than for
symmetric angles.

Had the symmetric angles been chosen, this experi

ment would not have been possible.
To determine what knock-out reactions would be observed at
these angles, a series of kinematics tables were calculated for two-body
elastic scattering between an alpha and a number of other particles such
as protons, deuterons, etc.

With the geometry, the scattering of an alpha
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from a ^Li nucleus or heavier nucleus would not be detected.

Two other

processes which could lead to two alphas and a deuteron In the final
g

state fromrtohe scattering of an alpha on

Li are shown in Fig. 4.

The

first diagram is strongly suppressed due to the large deuteron Fermi
momentum required to produce a scattering at the appropriate angles.

A

simple model calculation using a pole function with a radial cut off in
dicated the probability for such a reaction is over three orders of mag
nitude smaller than the associated probability of alpha-alpha scattering.
The second diagram is kinematically impossible for this geometry.

Also,

scattering from light particles such as protons or deuterons could notube
detected at these angles.
The only direct reactions expected to be seen involved alphas,
tritons, and helium-3*s in the final state.

The reactions involving an

alpha with a triton are easily identified, since the charge of the'triton
3

is one. The remaining direct reactions to eliminate are 'those with He's.
3
A He on the magnet side is readily identifiable due to its charge to
mass ratio of 2/3 compared to 2/4 for an alpha.

Only reactions involving

3

an alpha on the magnet side and a
identification problem.
toward this reaction.

He on the other (range) side posed any

Even in this case, the geometry was unfavorable
Quasi-elastically scattered

coil momentum could not be observed.

He's with zero re

Only those with a recoil momentum

greater than 75 MeV/c could be observed.

Using the dE/dx in conjunction

3

with the range of these particles the

He's could be eliminated.

Also,

3

alpha- He events should appear in the transverse recoil momentum spectrum
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with values greater than'150 MeV/c due to the erroneous assignment of the
kinetic energy from the range telescope.

Of course, a background of

singly ■ charged particles was expected on the range side from a variety
of break-up reactions, but they could be easily separated from the de
sired reaction.

IV.

A.

EXPERIMENTAL SYSTEM

Introduction
The experiment utilized the 700 MeV alpha beam at the Space

Radiation Effects Laboratory In Newport News, Virginia.

The experimental

system Included two primary particle telescopes - composed of plastic
scintillators, wire spark chambers, and a magnet - and two monitor tele
scopes.

Associated with these telescopes were the discriminators and

logic units necessary for the coincident detection of two particles.

The

output signals from the spark chambers were recorded by digitizers which
were interfaced to an IBM 360/44 computer which was on-line.

Other infor

mation was also interfaced to the computer which recorded all the data
on magnetic tape and performed an on-line-analysis of the experiment.

B.

Physical Layout of the Experiment
The primary detection system consisted of two particle tele

scopes as

shown in Fig. 5.

The dimensions and target to

detector dis

tances of

the detectors comprising these telescopes are given in Table1.
The higher energy telescope, or the magnet side, was oriented

at 35° (see Section III B for a justification of the choice of angles)
from the beam line.

A particle traversing this telescope was defined by

coincident signals in the plastic scintillators Ml, M2, M3 and M4.
bending magnet

A

18" wide and 36" long was located between two sets of
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wire spark chambers with magneto-strictlve readouts.

The spark chambers

were used to determine the trajectory of this particle.

From the tra

jectory, the momentum of the particle was determined?and the scattering
angle found.

The time-of-flight (TOF) of this

between M2 and'MS.

particle was measured

The characteristic energy loss per unit length,dE/dx,

of the particle was measured by pulse-height analysis of a dynode signal
from M2; counter M2 also determined the solid angle for this telescope.
The lower energy telescope, or range side, was oriented at
52.5° from the beam line.

A particle traversing this arm was defined

by coincident signals in plastic scintillators Al, A2, and A3, where A3
was the first detector in the range telescope.
chambers was located between Al and A2.

One set of wire spark

The latter were used to deter

mine the trajectory of this particle and, thus, its scattering angle.
The range telescope consisted of six 1/32 inch plastic scintillators A3
through A8.

Aluminum absorbers were placed between these scintillators

to increase the energy acceptance of each channel.
(usually copper) preceeded A3.

An energy degrader

The thickness of the degrader .was chosen

so as to stop alphas from the (01, 20t) reaction in the central channels.
A2 defined the solid angle for this telescope.

A dynode signal from A2

was used to measure the dE/dx of the particles traversing this arm.
Their times-of-flight were measured using the signal from M2 as a start
and the signal from A3 as a stop.
An event was defined as a coincidence between the signals from
the high and low energy telescopes which indicated the presence of a par
ticle in both arms.

41

A set of wire spark, chambers consisted of three chambers,
each providing a horizontal coordinate, with two of them also providing
vertical coordinates.
given in Table 1.

The size and position of the spark chambers are

A mixture of Neon and Helium (90% and 10%) was bubbled

through the chambers at atmospheric pressure.
from its own spark gap.

Each chamber was fired

A schematic of the high voltage system to the

spark chambers is shown in Fig. 6.

The high voltage for the fiducials

for each plane was supplied independently of the high voltage delivered
to fire the chambers.

The high voltages were adjusted to produce signals

of about 0.5 V from the magneto-strictive readout (see Section IV E). A
clearing voltage was applied to each chamber to sweep away previous ion
tracks.
The beam was monitored by two secondary particle telescopes,
one on either side of the beam, each consisting of three 1/4 inch plastic
scintillators.

These secondary telescopes were located about 1 meter

from a secondary aluminum target about 2.5 meters downstream from the
primary target.

Their positions can be seen in Fig. 5.

The two monitor

telescopes were used to provide a check on a possible horizontal shift
ing of the beam.

C.

Beam Characteristics
The external beam from the SREL synchrocyclotron is described

in Ref. 56 (Suzuki et al.).

The energy at the beam port was measured

by range techniques in a previous experiment to be 700 + 3 MeV with a
FWHM of about 10 MeV.

The beam spot at the target was measured using
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Polaroid film and trajectory reconstruction.

It was found to be about

3 cm In. diameter-with a FWHH of about 2 cm.

The divergence of the beam

was measured as +0.5°.
The beam was stochastically extracted from the synchrocyclotron.
If such an extraction is not used, the beam particles are concentrated
in about the first few microseconds of the 18 millisecond cycle time of
the accelerator.

With the stochastic extraction, the beam particles are

spread over a larger fraction of the 18 ms.

Even with such an extrac

tion, a prompt burst of particles occurs which is large enough to satur
ate the detectors in the experiment.
out.

This prompt burst must be gated
9
The useful beam intensity was on the order of 2 x 10 alphas per

second.

D.

Electronic Circuitry and Signal Adjustment
The electronics for the experiment is shown in Fig. 7.

The

various components; such as, discriminators and logic units, were stand
ard commercial units drawn from the SREL users' equipment pool.
The high voltages for each photo tube were adjusted to insure
output pulses between 0.5 and 1 volt for alpha particles.

These signals

were sent to discriminators which were adjusted to ignore signals in
the noise region.

The discriminators were gated off by a gate generator

during the prompt burst of the beam (this lasted about one millisecond)
and during the time the data from an event were being processed by the
computer.

(The computer processing time was about 50ms.)
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The output signals from the discriminators were connected to
logic units.

To determine the delay necessary to insure coincidence be

tween these output pulses, the rough timing was done with a signal
generator; then a source was used to account for the intrinsic delays in
the detectors themselves.

The final timing was carried out using par

ticles scattered from the beam.

When necessary, delay curves were ob

tained.
Scintillator M4 on the magnet side consisted of two scintil
lators M4R and M4L.

Directly in front of M4L and M4R was M3, a scin

tillator of almost the same size.

To reduce the chance rates, coinci

dences were made between M4R and M3; and M4L and M3.

These coincidences,

times with respect to M3, were fed into an "or" unit and the output de
noted as M3*M4.
timed on M2.

The coincidence between Ml and M2, i.e., M1«M2 = W, was

The coincidence between W and M3*M4 was formed, being timed

with respect to W, and thus M2.

This signal, denoted as Z, indicated

the passage of a charged particle through this telescope.
On the range side the coincidence X was formed between Al and
A2 and timed on Al.

The coincidence between A3 and X, denoted as Y, was

formed and timed with respect to X and thus Al.

The signal Y Indicated

the passage of a charged particle through this telescope.
dence between Y and Z was formed, being timed on Z.

The coinci

This signal indi

cated an event had occured in which there were charged particles in the
two telescopes in coincidence.

The signals from the scintillators in

the range telescopes were adjusted without the-energy degrader in place
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in front or between the detectors.

After the final adjustment there was

only about 1% difference in the counting rates between these counters.
The output signals from the discriminators of Al, A2, Ml and
M2 were counted by scalers, along with the output signals from the logic
units.

This information permitted a monitoring of the system to insure

consistency throughout the experiment.

To determine the number of coin

cidences which were due to uncorrelated particles, one of the signals
was delayed 86 ns (the time between micro-burst of the beam); and, then,
the coincidences formed.

The signals were also counted by scalers.

The number of coincidences recorded for the delayed and non-delayed sig
nals could be compared, yielding a measure of the number of uncorrelated
events recorded.

This was done for the coincidences formed at all logic

units.
Immediately upon formation, the event signal was used in a num
ber of ways.

First, it was used to trigger the high voltage to the

spark chambers allowing them to discharge.

Second, it was used to acti

vate a logic gate which generated a signal turning off all logic units.
This was necessary due to the large amount of electronic noise generated
by the firing of the spark chambers.

If the logic units were not gated

off, extraneous signals would be generated and recorded.

To insure the

scalers in the control room were not affected by these noise pulses,
their input signals were passed through a discriminator which was also
turned off by the event signal.
The signals from the ‘
.counters in the range telescope were passed
through discriminators and timed with respect to the event signal.

Each
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discriminator generated two signals.

One went to a Le Croy gated latch

which was interfaced to the computer.

The other was passed through a

strobe coincidence unit and then connected to a scaler.
To measure the TOF of the particles in both arms, the event
signal wets fed into the starts of two time-to-amplitude' converters
(TAC).

Since the event signal was timed relative to M2, the start sig

nal for both particles was given when the particle on the magnet side
passed through M2.

The stop signal on the magnet side was generated by

the coincidence M3«M4 (sufficiently delayed). The signal from the TAC
was fed into a 1,000 channel pulse height analyzer (PHA) which was
directly interfaced to the computer.

By varying the delay in M3*M4, it

was found that one PHA channel corresponded to 0.1 ns.
A3 was used as the stop signal.

On the range side

Its PHA was calibrated in the same man

ner as the one on the magnet side.
To measure the dE/dx of the particles in both arms, the dynode
signals from M2 and A2 were fed into linear gates and then fed into two
PHA's which were interfaced to the computer.

The linear gates were gated

on the event signal to avoid the recording of noise pulses.
In order to reduce the number

of background reactions which

were due primarily to singly charged particles, attenuators were placed
on the annode signals from M2 and A2.

The resulting reduction in the

coincidence rate made it possible to work at a higher beam intensity.

E.

Spark Chamber Information
The positions of the sparks within a spark chamber were re

corded using a magneto-strictive readout to digitizers.

A charged
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particle passing through a spark chamber produces a path of ions.

This

allows a large current to pass down a wire inside the chamber under the
magnetostriction line.

The high current pulse generates a magnetic

field which interacts with the magnetic domains within the magneto
striction line causing them to move about their equilibrium orientation.
This affects adjacent domains creating a contraction which propagates
along the wire at a constant velocity (0.53 cffl/^us).

A voltage pulse is

generated by the changing magnetic field in a coil of wire placed around
one end of the line.

The voltage pulse induced is then amplified.

Fiducial pulses from wires at the edges of the spark chamber are also
generated in this way.

The distance from the first fiducial to the cen

ter line of the telescope was carefully measured using a cathetometer.
Thus, if the distance between the fiducial pulse and the spark pulse is
known, the position of the spark relative to the center line can be
found.

The fiducial and spark pulses were recorded by Le Croy digitizers

for each coordinate.

These operated in this way:

when the event signal

occured, all the scalers in the digitizers were zeroed and the inputs
grounded for a fixed period of time (usually about 8 ftaec)

until the

electronic noise generated by the spark chambers had dissipated.

The

first fiducial signal started all scalers behind<a; given input counting at
a fixed rate of20 megahertz.
each input.)

When

(There were either

2 or 4 scalers behind

the first spark pulse arrived, the first scaler would

stop counting.

If there wasa second spark pulse, it would stop the

second scaler.

If there was no second spark, the second fiducial stopped

this scaler and permitted a check on the consistency of the spark chamber
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data.

After the time between the fiducial and succeeding pulses were

recorded for each coordinate, the scalers were sequentially interrogated
and their contents interfaced to the computer.

At the same time, the

contents of the gated latch associated with the range telescope along
with the information that the particle was detected in either M4L or
M4R was also transferred to the computer.

Upon accepting all this in

formation the computer wrote the data on magnetic tape and carried out
an on-line analysis of the data.

F.

On-line Computer Analysis
An on-line analysis of the data provided an instantaneous

monitoring of the experiment via typewriter output or by the printout
produced at the end of each run.

The on-line program compiled the sta

tistics pertaining to the operation of the spark chambers.

This infor

mation included the distribution of the number of sparks observed in a
given chamber, how many times the second fiducial was observed, the dis
tribution of the sparks within the good region of the chambers, the ef
ficiency of a chamber, etc.

Because the spark chambers required constant

monitoring, the t y pewriter output of the spark chamber statistics was
quite useful.

The condition of the scintillators could be checked

easily by looking at the output scalers.

The spark chambers could be

checked by looking at the individual output signal from each plane on an
oscilloscope, or by checking their statistics.

The latter method pro

vided a rapid means of surveying the operation of the spark chamber system.
Besides the spark chamber statistics, the on-line analysis de
termined the momentum of the higher energy particle by reconstructing the
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trajectory of the particle through the magnet.

Using this value of the

momentum and using the XOF to find the velocity, the invariant mass of
the particle was determined.

Information concerning the quality of the

trajectories was displayed, such as, the position of the reaction within
the target, the correlation of the trajectories upstream and downstream
from the magnet, and the angular distributions of the trajectories in
both telescopes.

Using the range^information, the energy of the range

particle was calculated along with its momentum.

Using conservation of

momentum, q, the momentum of the unobserved residual nucleus was deter
mined assuming three-body kinematics.

Using the recoil momentum to de

termine the energy of the recoiling nucleus, its missing energy was cal
culated, which is defined as the initial kinetic energy minus the kinetic
energy in the final state.

These distributions could be displayed as

functions of cuts on the TOF and dE/dx.

This permitted the events from

the primary reaction to be separated from other secondary reactions.

G.

Chance Coincidences
q

The stretched beam intensity of 2 x 10

alphas/sec discussed

in Section IV C was possible only because the attenuators were used on
the output of M2 and A2 to eliminate many events from secondary reactions.
Otherwise, the event rate from the secohdary reactions would overwhelm
the primary event rate.
about 20%.

The chance rates of the monitors wereVkept to

The chance event rates were about 40%.

To determine the ef

fect of chance events on the data, the signals on the magnet side were
delayed 86 ns with respect to the range side.
observe what events were reconstructed.

A. run was then made to

Very few events were reconstructed
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(5%), and their distributions were quite different and easily Identified
from events normally reconstructed.

Therefore, no correction for chance

events was necessary, since those which were reconstructed were all eliminated by the appropriate cuts, although the monitor rates had to be
corrected for chance coincidences.

H.

Targets
The targets studied included ^Li, ^B , ^2C, ^0, 2^Na, 27A1,

Cu, Fe, and Pb.

All the targets were solids except for the ^ 0 target

which was a thin water target.

The Lithium and Boron targets were en

riched to 95.6% and 92.7% in 6Li and 10B respectively.

The 12C, 160,

23
27
Na
Al are all better than 99% pure in the natural state.
maining targets were made from naturally occuring samples.

The re
Therefore

the iron target was about 92% ^Fe, 6% "^Fe, and 2% ^Fe; the copper tar£o
ge
208
get was about 69%
Cu, and 31%
Cu; and the lead target was 52%
Pb,
23% 207Pb, 24% 206Pb, and 1% 204Pb.

V.

A.

DATA. ANALYSIS

Introduction
The data analysis was broken down Into three main segments:

trajectory analysis, reaction analysis, and the cross-section calcula
tion.

This division was advantageous for two reasons:

First, each

segment Involved quite different procedures which required much computer
analysis to optimize the 'available Information and gain a thorough under
standing of it.

It simplified the procedure to complete a given sec

tion before work on the following section was attempted.

Secondly, much

computer time was saved by taking the best values from the previous seg
ment and working with them, rather than beginning with the raw data
each time.

B.

System Stability
As a prelude to the trajectory analysis, it was necessary to

determine if the data from a given run were.consistent with the.other
data taken during the experiment.

To accomplish this, the numbers taken

from the scalers described in Section IV were compared in various ways.
The number of true counts from a given scaler was calculated by the
equation
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where N is the number of counts and

Is the number of chance counts.

Ratios were calculated between N.
from these scalers and the N.__
true
true
from other scalers; such as, the duration, the right and left monitors
and other coincidences on the right and left sides of the system.

The

resolution time between Ml and M2, and Al and A2 was calculated using
the equation
N
Res

_

cn
Nl N2

T

(16)

run

where Nl and N2 are the number of counts from either Ml and M2 or Al and
A2, and T
is the duration time of the run.
*
run
was 130ns.

A typical value for T-.
Res

These ratios and times were compared between various runs to

determine if the system was stable during a given run.
These ratios and times were studied for all the runs analyzed.
In all cases, the ratios varied in a regular way from target to target.
It was noticed that the counting rate of monitor right increased during
the experiment.

Consequently, only monitor left was used for calibra

tion purposes.

The separate coincidences from the primary telescope on

the right and left sides, Y and Z respectively, were particularly useful
in determining this.
of W

true

As a test of the stability of the system, the ratio

(see Section IV D) to monitor left true was plotted as a funcr
2

tion of the thickness of the target in nuclei per cm
number A of the target tothe 2/3 power.
tionship since the number

times the atomic

This should be a linear rela

of counts should be proportionalto thereac-

tion cross-section (which is proportional to A

2/3

) and proportional to
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the number of target nuclei.

It can be seen from Fig. 8 that this func

tion Is linear for all targets except Pb.

From all this Information,

It was evident that the system was stable throughout the data taking
period.

C.

Initial Data Reduction
In the Initial processing of the data all possible trajectories

were considered for a given event and ranked according to certain cri
teria.

It was Important to maximize the number of reconstructable tra

jectories, because the spark chamber system was less efficient than the
scintillator system.

Thus, the nunber of

usable - events was primarily

determined by how well the data from the spark chambers could be used to
form usable trajectories.

This problem was complicated by two facts.

The digitizers for a given spark coordinate could record the presence of
up to two sparks if it were a vertical coordinate or up to four sparks
if it were a horizontal coordinate.

Also, in the horizontal plane there

were three horizontal coordinate spark planes which could overdetermine
a trajectory and create spurious trajectories.

Thus, from the large num

ber of possible trajectories which could be formed, the "true" particle
trajectory had to be extracted.

1.

Computer program QUASEI

The computer program which executed this segment of the analy
sis was named QUASEI.

A block diagram of this program is shown in Fig. 10.

It was written with the intention that from the locations of all the sparks

53

comprising an event all possible trajectories would be found, and the
best of these trajectories extracted.
A complete description of QUASEI can be found in Appendix 2.
A brief summary of the procedures employed in QUASEI follows.

Of par

ticular importance is the method used to determine the best trajectories
describing an event, and how these trajectories were ranked.
Sixty bits of information characterized each event.
48 were coordinates of sparks within the given spark planes.

Of these,
The sparks

associated with the horizontal planes in each of the three groups of
spark chambers were combined in pairs to produce the maximum number of
trajectories.

When three trajectories coincidedindicating

the align

ment of three sparks in three different planes, they were combined into
one trajectory which was denoted as a "triple spark" trajectory.

These

trajectories, when they met certain conditions in slope and intercept,
were kept for further considerations.
The trajectories which were found in the sets of spark cham
bers upstream and downstream from the magnet were matched by extending
the upstream trajectories through the magnet.

The trajectory downstream

which gave the best match at the downstream face of the magnet was found,
and associated with the upstream trajectory.

Then the trajectories from

the left side were matched with the trajectories from the right side, to
find the best intersection at the target.
matched first.

Triple spark trajectories were

If no triple spark trajectories could be matched, then

double spark trajectories were considered.
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After the completion of this part, there was usually at least
one complete pair of trajectories describing the reactions, about 70%
of the time two sets, and about 10% of the time three or more sets.

It

was then necessary to choose one of these to describe the reaction.

The

selection was accomplished by applying two criteria.

The first criterion

involved the invariant mass of the particle on the magnet side, which
was calculated using the equation

M = CP/c p ) ^ 1 -

(17)

2

where M is the invariant mass in MeV/c ; P is the momentum in MeV/c and
p is the velocity in units of c, the speed of light.

P was determined

from the trajectory of the particle through the magnet, and p was cal
culated using the time-of-flight of the particle.
The invariant mass was classified into one of five different
regions:

a good region (the alpha mass in this case), two acceptable

2

regions - one extending to about 8500 MeV/c

2

one extending to about 1000 MeV/c

above the good region and

below the good region, and two un

acceptable regions for masses which were outside the other three regions.
Those trajectory sets in the unacceptable region were not considered.
Those in the good region were considered first; those in the acceptable
regions, second.
To determine if this ordering in any way biased the data, the
distribution of events within these regions was studied.

Only about 1%

of the events had solutions with masses in two or more regions, and, in
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the majority of these cases, the masses were in two adjoining regions.
(This should not significantly bias the analysis.)
If there was more than one solution with an invariant mass in
the good region, they were ranked according to a second criterion.

This

involved comparing how well the trajectories upstream and downstream
from the magnet matched.

The better the matching of the extension of

the upstream trajectory through the magnet with the downstream trajec
tory, the higher the solution was ranked.
The vertical coordinates were not so extensively studied; pri
marily, if there was more than one spark in a spark chamber, it was not
possible to correlate the horizontal coordinate with the vertical coor
dinate, and there were only two vertical planes included in each group
of spark chambers.
constructions.

This reduced the number of possible trajectory re

The possible trajectories were determined by considering

all pairs of sparks from the two planes.

The vertical trajectories from

the left and the right sides chosen to represent the event were those
which had the best fit at the target.
The vertical acceptance of the system was much smaller (by
about a factor of 1/6) than the horizontal acceptance.

Since fewer

events had good vertical trajectories, and the horizontal trajectories
were independent of the vertical trajectories, the distributions asso
ciated with the vertical coordinates were tsed only to determine if the
results from the Monte-Carlo program used in the cross-section were con
sistent with the. experiment.
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Along with the displays of the data, the output of QUASEI con
tained a variety of distributions and statistics which described the ef
ficiency of the system and the quality of the data.

Included among

these were the efficiencies of each spark chamber and multiple spark and
multiple trajectory distributions.

Particularly useful was the informa

tion showing at what point in the program events were lost, i.e. deter
mined not to be reconstruetable.

Normally, more than 80% were recon-

structable, meaning that a complete set of trajectories could be found
to represent an event in the horizontal plane.

The majority of the

events which were not reconstructed in the horizontal plane were lost
due to lack of sparks in one of the horizontal groups of spark planes.
The other common reason for non-reconstructability was due to the in
ability to find a match of the trajectories at the magnet.

Beside these

two major reasons for loss of events, other reasons, such as invalid
mass, contributed about 1% of the total losses.

Less than 50% of the

events were reconstructable in the vertical plane.
The program produced a variety of distributions which described
the quality of the analyzed trajectories.

The difference between the

intercepts of the two spark trajectories which comprises a three spark
trajectory was recorded for all three horizontal groups of spark planes.
The majority of good (0(, 2C() events were triple spark trajectories on
the magnet side, while less than half were triple spark trajectories on
the range side.

The lack of triple spark trajectories on the range side

was ascribed to saturation due to an excessive number of sparks in these
chambers, caused by their closer proximity to the beam.

Saturation of a
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chamber

could occur because not more than four sparks In each plane

could berecorded, the good spark not being necessarily Included among
the four.

However, those events which were from triple spark trajec

tories were very good, with the differences of their x-intercepts at
the target lying within a range of five millimeters.
Another important distribution was the quality with which the
trajectories upstream and downstream from the magnet were matched.
distribution was shifted 1.6 cm.

This

This was due to the effect of the

fringing field of the bending magnet and, perhaps, a slight misalignment
of the chambers behind the magnet.
width at half maximum of 1. cm.

The distribution itself had a full

This is an indication of the resolution

of the momentum of the magnet side which was on the order of 1%.
The distribution of bending
given reaction, this distribution was

angles was also recorded. For a
rather sharp, around 28°. For the

((X, 20C) reaction, it was about three degrees wide.

The distributions

of the trajectories about the horizontal scattering angles of 35° and
52.5° on the magnet and range sides, respectively, were recorded along
with the distribution of the sum of the scattering angles.

The respec

tive solid angles were filled, with the shape of the distributions de
pendent upon the reactions which were being analyzed.

For the (tf, 2 Ot)

reaction, the distributions were centered at the quasi-free angles within
statistics.
The distributions of the x-intercepts from both the magnet and
the range sides were recorded along with the difference between these
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quantities.

The distribution of the differences was centered at -0.1 cm,

and had a full width at half maximum of 2.0 cm.
The distributions of the x and z coordinates of the reaction
(perpendicular to the beam within the plane of the experiment and paral
lel to the beam, respectively) were displayed.

The distribution of the

x-coordinate was in agreement with polaroid pictures taken of the beam
as described above.

The distribution of z coordinates had a FWHM of

1.5 cm.
Besides these distributions describing the horizontal trajec
tories, distributions describing the vertical trajectories were also
formed.

These included the distributions of vertical angles and

coplanarity angles on both the magnet and range sides, the distribution
of the difference between the coplanarity angles and the difference be
tween the y-intercepts of the trajectories.

The azimuthal coplanarity

angle is defined as the aigle the vertical trajectory makes with the
horizontal plane of the experiment when projected upon the x-y plane
which is perpendicular to the beam and centered at the target.
vertical distributions suffered from lack of statistics.

These

Although some

of these distributions were not centered (indicating some vertical mis
alignment) ,this indicated the events were distributed in a manner con
sistent with the Monte-Carlo calculation used in the final analysis.
Along with the distributions which described various aspects
of the trajectories, kinematic information describing the particles which
traversed the range and magnet arms of the system, along with calculated

59

information concerning the unobserved recoiling particle were printed
out.

Included among these were the distributions of the times-of-flight

and the dE/dx's of the particles from both sides.

The momentum and

velocity (in units of c) were displayed for the particle on the magnet
side.

On the range side, the stopping channel of the particle was dis

played along with the kinetic energy associated with that channel.

The

three components of the recoiling particles momentum and the recoil
kinetic energy were also displayed.
were used to describe each event.

In all, 26 pieces of information
This information was written on mag

netic tape to be analyzed by the next program DATSRT.

It should be noted

that QUASEI condensed the amount of information needed to describe a
single event by a factor of two.

D.

Reaction Identification and Separation
The necessity for a program to analyze the data from the pro

gram QUASEI was suggested by two factors:

First, due to the large num

ber of possibilities considered, QUASEI required a great amount of time
on the computer.

Secondly, we were unable to calibrate the system using

a two-body reaction due to the lack of a liquid helium target; therefore,
extensive analysis of the reduced data was required to insure a complete
understanding of all the events observed.
Since we were unable to calibrate the system with elastic
alpha-alpha scattering, another target nucleus had to be used to achieve
this.

A number of possibilities were considered, with ^Li the most

' promising.

It was apparent from the preliminary data taking, that not
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only did the

Li target yield a higher event rate, but the events were

also more easily Interpreted.

This was not unexpected since, due to

the lightness of the ^L1 nucleus, less breakup of both the Incident and
scattered alpha particles does occur.

Unfortunately, (at least for

calibration purposes) the reaction ^Li(ct, 20f)d Is still a three-body,
quasi-elastic reaction and not as easy to interpret as a two-body elastic
reaction.

To facilitate the use of the ^Li data as a calibration reac

tion, a long run, (Run 245) was made'which contained 3001 events.

This

run was extensively studied in order to separate the various reactions
present in the data.

Program DAISRT
The computer program DATSRT was written to analyze the events
to determine what reactions were present and to separate these from the
(0(, 2C() reaction.

It was a comparatively fast program taking about

one-tenth the computer time that QUASEI did for a given run.

This re

sulted in quite a saving of tins and money, considering how often it was
necessary to run DATSRT to determine the best method of reaction separa
tion and then executing this process.
shown in Fig. 9.

A block diagram of DATSRT is

A detailed description of DATSRT is given in Appendix 3.

A brief description follows.
First, up to three solutions describing a given event which had
been prepared by QUASEI were read and one of those was chosen to be
studied.

It was found that if any solution other than the first was

chosen, the results were of less quality.

Thus, the first solution was
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normally chosen.

The particles on both the range and magnet sides were

categorized as either primary, secondary or other.

Normally, the primary

particles were alphas and the secondary particles were those from secon
dary reactions which were detected.

Any of the four possible combinations

of primary and secondary particles from the range and the magnet sides
could be displayed as the reaction of primary interest.

A reaction of

secondary interest could also be displayed simultaneously.
Seventy-two displays of 20 bins each were formed.

Fifty-four

of these were allocated to the primary type reaction and the remaining
18 allocated to the secondary reaction type.

Any or all of these dis

plays could be plotted out by a plotting routine.
helpful in studying the data.

This was extremely

Among the quantities displayed were those

associated with the trajectories; such as, the horizontal and vertical
scattering angles on both sides, the x, y, and z coordinates of the
reaction, and the sum of the horizontal scattering angles.

The invar

iant mass, p (v/c) and the momentum of the particle traversing the magnet
side were displayed.

The range channel distribution, kinetic energy and

dE/dx for each range channel were displayed for the range side particle.
The three components of the momentum of the recoiling particle along with
the magnitude of its momentum and its kinetic energy were displayed.

A

display of the missing energy of the reaction defined by

^Miss = T0 - TMag ~ TRNG “ TREC
was formed.

^18'

The quantities on the right side of the equation are the

kinetic energies of the incident, magnet, range and recoiling particles.
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Of particular usefulness was the ability to display a given quantity as
a function of a second quantity within six display channels.
Expanded one-dimensional displays of 60 bins were provided for
the times-of-flight and dE/dx's of both magnet and range side particles.
Two-dimensional displays of the TOF and dE/dx of each of these particles
were created.

Finally, a four-dimensional array was created using the

range channel, the range dE/dx, the magnet TOF and the missing energy.
The data were analyzed by studying the events appearing in these displays.
2.

Particle Identification

DATSRT was used to identify the particles appearing in the two
arms of the system and select the alphas from the ( Oi , 20L ) reactions.
To accomplish this it was necessary to determine which parameters sep
arated the reactions best.

The various distributions which describe the

characteristics of the trajectories themselves were of little help in
reaction separation.

Only the distributions of the trajectories within

the horizontal angular acceptances and the distribution of bending angles,
were at all characteristic of a given reaction.

At best, these were use

ful only as secondary confirmations of a reaction already separated from
other reactions.
The kinematic quantities measured along the two arms of the
spectrometer were more useful for the separation of the reactions.

On

the magnet side these included the time-of-flight, the dE/dx, the momen
tum, and the invariant mass which was calculated using Eq. (17).
of course, are not all Independent quantities.

These,

Of these, the invariant
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mass and the time-of-flight were the most' useful.

The dE/dx was used

to Insure that particles of the same velocity and charge-to-mass ratio
were separated.

The invariant mass was a well-defined quantity with a

relative AM/M of 0.05.

This width was due to uncertainties In the

momentum, TOF and flight path, which were about equal.

The Invariant

mass was defined to within a factor of Z, the particles’ charge, by
the time-of-f light and the momentum.

The value of Z was confirmed for

the (Ct, 200 reaction by considering the total kinetic energy in the
initial and final states. M y value of Z other than two would be incon
sistent with the configurations possible.
sistent with the dE/dx of the particles.

This Interpretation was con
The invariant mass was used

as the defining quantity on the magnet side.

The other quantity used

to distinguish the desired alphas from other particles was the time-offlight.

Due to the rather large energy acceptance for a single range

channel, there was a measurable increase in the TOF on the magnet side
as the range channel increased.
The kinematic quantities on the range side included the range
channel, the dE/dx, and the time-of-flight.
the range channel and the dE/dx.

The useful quantities were

Due to the comparatively large dE/dx

of alpha particles, it was found that there was a significant variation
between the dE/dx of the alphas stopping in a channel and in those stop
ping in adjoining channels.

It was useful, therefore, to display the

dE/dx of the range particle as a function of range channel and study the
decrease of the dE/dx as a function of increasing range channel.

The
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two-dimensional arrays formed with the dE/dx and XOF's of the particles
from either side did not prove to be effective.
reasons for this.

There were a number of

On the range side, the TOF was formed using a start

signal from M2 (on the magnet side) and a stop signal from A3 (on the
range side).

Even though a correction was made for the delayed start

signal by adding the time necessary for the particle on the magnet side
to travel from the target to M2, this TOF was not useful due to the
shorter distance traveled by the range particle and because the main ab
sorber degraded the velocity of the particles before they reached A3,
smearing the distribution.

On the magnet side it was found that the

dE/dx was not as sensitive to the study of that particle as was the TOF.
This was due to the higher energy (hence smaller dE/dx) and a long flight
path over 3.9 meters which provided a well defined TOF.

Thus, the dE/dx

on the magnet side was normally redundant to the TOF.
The final analysis was carried out by forming a four-dimensional
array which consisted of three,two-dimensional arrays for each of the
six range channels.

Each of these two-dimensional arrays consisted of

a 10 x 20 matrix of the magnet TOF versus the range dE/dx.

The second

of the three, two-dimensional arrays consisted of those events whose
missing energy was within certain specified limits (see Eq. (18)).

Those

events with less or greater missing energy were displayed in the first
and third of these arrays, respectively.
The missing energy could not be considered an independent quan
tity in this case.

Once the range channel is determined, the kinetic

65

energy on the range side is fixed; and the missing energy is then de
termined by the kinetic energy on the magnet side, which is proportional
to the time-of-flight of this particle.

Keeping this in mind, the missing

energy was used only as an indication of the quality of an event and not
used to determine a reaction.
A careful study of the missing energy as a function of range
channel revealed a systematic shift in the missing energy.

Further in

vestigation indicated there was about a 2% error in the calculation of
the energy of the particleon the magnet side.
primarily

to dispersion in

This error was ascribed

the magnet in both positionand energy.To

correct for this, the energy was calculated using the time-of-flight in
stead of the bending angle.
some still remained.

Although this corrected much of the shift,

The remaining shift was interpreted as being caused

by a combination of the
1)

Different time-of-flight path lengths contributing
about 1/2%.

2)

The inability to remove all events in which an alpha
was stripped of a proton or a neutron.

3)

A slight shift in the range distribution due to poor
efficiency of the thin range telescope detectors for
small signals.

The effect of such a shift is to broaden the missing energy distribution
and the recoil momentum distribution for all events.

When the uncertain

ty in the energy resolution is calculated by adding in quadrature the
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energy resolution of the magnet and range sides along with the uncer
tainty in the beam energy and the uncertainty of the energy loss in the
target, it is found to be around 25 MeV.

The observed energy resolution

of the missing energy spectrum from the **Li target is about 40 MeV.
This implies that a 10 to 15 MeV broadening of the missing energy spec
trum was due to the remaining shift mentioned above.

The separation of

the (<k, 2oC) reaction is in fact better than suggested by the missing
energy spectrum.
3.

Range telescope calibration

To aid in the interpretation of the data from the range side,
a calibration program was written.

As input, this program used the

thickness of material between the target and A2, the dE/dx measuring de
tector, the thickness of material between the target and the main ab
sorber, and the thickness of material in each of the range channels.
The program calculated the thickness of the absorber between the target
and the center of each range channel and from this found the central
energy of alphas which stopped in that channel.

Using these values, the

expected dE/dx of these particles in A2 was found.

Once again, the lack

of a calibrating reaction made a completely independent calibration of
the range dE/dx impossible.

To partially overcome this disadvantage,

the average dE/dx from two of the range channels was entered as data.
Assuming a linear relationship between the output of A2 and the energy
loss in A2, the slope and intercept of the linear relationship between
the channel number of the multichannel analyzer and the dE/dx could be
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determined.

This was done by using the average channel number from the

data of the range channels three and four and their respective values of
dE/dx as calculated by the program from the range data.
lationship, the expected average dE/dx
the other four range channels.
only range channels 2 and 5.

Using this re

channel number was calculated for

(Actually, these values were useful for
Alphas from the (<X-, 20() reaction didn't

reach channel six, and in most cases very few stopped in channel one.)
The calibration program then proceeded to calculate the range of alphas
stripped of a neutron in the main absorber, and the range' channel in
which it would appear.
Upon completing these calculations for alpha particles, the
program calculated the dE/dx and average channel number for other par
ticles passing through the range telescope.
deuterons, tritons,

3
6
6
He, He, and Li.

This was done for protons,

By varying the value of the main

absorber, the effect of stripping in various regions could be examined,
and a dE/dx channel width predicted for each range channel.
way the range side was calibrated.

In this

All these quantities were useful in

checking the validity and consistency of the selected events.

4.

Reaction identification

Due to the large number of nucleons present with even the
lightest target nucleus (10 with ^Li) many reactions were possible.
However, kinematical factors eliminated many of these reactions.

Clean

identification of alphas on the magnet side was the primary means of
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eliminating most of the secondary reactions.
an alpha particle were from 3400 MeV/c

2

The cuts chosen to define

2
to 4200 MeV/c . The exact values

were not too important due to the well defined nature of the peak.
These cuts usually eliminated over half of the reconstructed events.
Such direct reactions as (Qt, o£p), ( OL, q L d), ( CL, od^Li), ((£,q£10B),
etc., when present, could not be detected due to the angle between the
two particles imposed by the geometry of the system.
The remaining reactions were not all (<%, 2Ct'i events. Beside
3
them were tritons and He's from breakup reactions and the direct reac3
tions (0^, OCt) and (c/, 0C He) • Also contributing to these reactions
were those of the type (0£, Q(_ anything) in which the target nucleus
broke up and one or more of the charged particles from the breakup passed
through the range telescope.

Finally, there were those events in which

an alpha from an (0£, 2(X) reaction was stripped of a proton or neutron.
It was more difficult to separate the latter reactions, since they had
to be separated primarily by the information from the range side.
Consider first the

3
3
H's and the He.

The

3
H's were easily

separated from the alphas, since they are charge one particles which have
3
significantly different dE/dx for a given range channel. The He’s were
3
more difficult to eliminate. The primary method of separating the He's
from the alphas on the range side was by looking at the dE/dx for a
given channel.
the average

According to the calibration program, the separation of

He and alpha dE/dx channels varied from 160 channels for

range channel one to 110 channels for range channel six.

The decrease
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is due to the decrease of the interval of dE/dx values from channel one
through channel six.

Although the finite resolution of the dE/dx could

not eliminate the possibility of some overlap between these two spectra,
there was never a significant number of events in the

3
He region.

Those

that were identified were eliminated.
Besides the use of the range channel and the associated dE/dx
value to eliminate such events, another criteria applied to eliminate
them was due to the kinematically complete measurement of the final state
quantities.

If an A = 3 particle was erroneously given the value A = 4

on the range side, the calculated value of the missing energy would be
wrong by about 30 MeV.
aration energy of a

When this error is added to the increased sep-

3

He (typically 15 MeV greater than an alpha), the

error in the missing energy becomes observable, making the elimination of
these events possible.

Finally, the TOF on the magnet side was generally
3
longer for events involving He's;and these could be eliminated with
reasonably good confidence.
The breakup reactions of the type (Oi, oL anything) can be

categorized as those in which the range particle was something other than
an alpha, or those in which the range particle was an alpha, but the re
coiling particle broke up creating four or more free particles in the
final state instead of three.
identify and eliminate.

The former reaction was the easiest to

The range particle consisted of either a proton,

deuteron, a triton, or a combination of them.

Since these particles are

singly charged, their dE/dx was much smaller than the dE/dx of alphas for
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a given range channel.

This enabled a clean separation of these events

from the good alpha events.

Many events of this type were not recorded

due to discriminators on the output of the range dE/dx detector.
The other reaction type involving two or more recoiling par
ticles was more difficult to identify.

A complete separation from (06 ,

2 d ) events with only one recoiling particle was not possible due to
the energy resolution of the system.
reaction ^Li (<X, 206)d.

To be more specific, consider the

Since the deuteron binding energy is much

smaller than the energy resolution of the system, it is not possible to
determine if the recoiling neutron and proton1 were actually bound or
just spatially correlated.

If, however, the recoiling proton and neu

tron were traveling in different directions; the energy loss becomes
significantly different, which can be identified by a comparatively
large TOF on the magnet side for a given range channel.

However, in the

case of heavier targets it was not possible to determine if the recoil
ing nucleus was in its ground state.
The remaining reaction which had to be identified was due to
the stripping of the alpha on the range side of a proton, a neutron, or
a combination of these.

It was important that this process be under3

stood, because the resulting
not detectable.

He's and tritons on the magnet side were

Thus, it was possible to correct for the missing events

only by using information gained from the range side.
The characteristics of such stripped alphas were delineated as
follows:
three.

consider an alpha which would normally stop in range channel
3
If this alpha is stripped of a neutron, the resulting He will
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stop In a channel which Is before or within channel three.

The actual

channel would depend upon where the stripping took place.

This Is be-

3

cause the

He with charge two will initially loose energy at the same

rate the alpha would have; but since it has 3/4 the mass of the alpha,
it will stop sooner.

These events were characterized by having a

smaller dE/dx than those alphas stopping in the same range channel.

The

associated TOF on the magnet side would be somewhat larger than the alphas in that channel.
The

alphas stripped of a proton behaved in a comparable way.

If thealpha would have stopped in
would stop in
to the

channel three, the resulting triton

either channel three or a following channel.

This is due

single charge of the triton which reduces its dE/dx by a factor

of four compared to that of an alpha.

In a given range channel these

events were characterized by larger dE/dx and smaller magnet TOF than
the alphas associated with that channel.

The regions of events corres

ponding to stripped alphas were identified in this way.
A completely clean separation of the stripped alphas from those
not stripped was not possible.

The stripped alphas had dE/dx and TOF

values which formed a continuous spectrum with those not stripped.

To

insure a systematic and consistent choice of cuts, a number of different
criteria were developed.
The calibration program described above was used to develop two
of these criteria.

By changing the entered value of the thickness of the

main absorber, the range channel could be determined for those alphas
stripped at the front of the main absorber and those stripped at the back
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of it.

This provided an indication of where alphas from a given range

channel would stop if stripped.

The program also provided some indica

tion of the width of the dE/dx spectrum for a given range channel.
Another set of criteria were developed using certain expected
characteristics of the stripping reaction.

They are based partially on

the assumption that at this energy and to the accuracy possible in this
experiment, the cross-sections for stripping a proton and a neutron from
an alpha particle are equal.

Thus, one would expect to identify the

3

same number of

He's from alpha stripping as tritons.

A corollary to

3

this expectation is that the number of
range channel should be the same.

He's and tritons from a given

A second criterion is that the number

of stripped particles from a given channel should be proportional to
the number of alphas not stripped in that channel.

This constant of

proportionality should be the same for all the channels and be the same
for the total number of alpha events to the total number of stripped
alpha events, i.e., the constant of proportionality is proportional to
the cross section.

The value of the alpha break-up cross-section cal

culated from the number of events identified as being stripped is 2.5 b.
This value is in reasonable agreement with the geometrical cross-section.
The above does not take into account the different thicknesses of material
before each range channel.
not negligible.

Although the effect is second order, it is

However, with the statistics available a more detailed

analysis was not appropriate.
One more criterion was applied.

Using the average energy of an

alpha particle stopping in a given range channel, the energy of the
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associated alpha on the magnet side could be calculated, and the ex
pected TOF found.

In this way, it was found the TOF should change from

one range channel to the next by four TOF channels.

To measure the

shift in TOF channel, the magnet side TOF was displayed as a function of
the range channel.

Using all the criteria described above, the cuts

selecting the true (flt, 2 CL) events were determined.

D.

Application of Selection Procedure
Although the procedure described above is reasonably straight

forward, a difficulty with actually implementing it was due to the ever
present reality of minimal statistics.

A ^Li run (run 245) with good

statistics was made; this was taken specifically to be used as a calibra
tion run.

The procedures described above were developed using it.

The

definitive analysis was carried out as described below.
Initially a wide region in the TOF magnet side - dE/dx range
side - was selected to insure that every possible alpha event and every
possible stripped alpha event was included.

Following this, the regions

of greater importance were magnified to aid in event identification.
Preliminary cuts were applied.

Using the dE/dx data from this analysis,

the calibration program was run to aid in a better choice of cuts.

The

magnification of the displays was again increased if it was warranted.
Each event in the large region initially defined was categorized as be
longing to one of four groups according to the range particle associated
with it:

1)

alpha from (<X, 20( ); 2)

from a stripped alpha; or

4)

3He from a stripped alpha;

3)

not belonging to anyone of these groups.

3T
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A number of selected spectra obtained with the ^Li target In
Run 245 are displayed In Figs. 11 through 20.

These are for all the

events, with the good (Od, 20() events Indicated in the shaded region.
Figure 11 shows the invariant mass spectra for all reconstructed events.
Notice that the peaks are well separated and well defined.
peak contains tritons.

The upper

It appears here because all particles were as

sumed to have a< charge of two.

Figure 12 shows the time-of-flight of

the magnet side particle for all events and for (Od, 20 0 events.
Figure 13 shows the dE/dx of the range particles for all events and for
(QL, 201) events.

Note the logarithmic scale.

Figures 14 and 15 show

die dE/dx and the missing energy of the range particles for each range
channel for the (0L, 20L) events.

Notice the shift in the regions as

channel number changes.

The fact that each channel is not centered at
g
1.4 MeV, the binding energy of analpha in Li, has been discussed above.

Figure 16 shows the momentum spectrum for the particles on the magnet
side for all reconstructed events and all (CX, 2<X) events.

Figure 17

shows the range distribution for all reconstructed events and all (QL ,
20L) events.

Figure 18 displays the difference between the upstream and

downstream trajectories at the downstream face of the/magnet.

Two of

the recoil momentum components for the (fld, 20L) events are shown in the
next two figures.

Figure 19 displays the longitudinal component; Fig.

20, the transverse-within-the-plane component.
Displayed in Fig. 21 is the missing energy spectrum for three
groups of events for all ^Li runs.

The total distribution represents

all events within a region determined by wide cuts.

The middle distribution
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is for those events remaining after the TOF cuts have been applied.
innermost distribution shows the events selected.

The

The difference between

the middle and inner distributions represents those events cut by the
dE/dx cuts. The majority of the events eliminated in the peak region
were alphas which had been stripped.
an efficiency factor.

They were taken into account through

The tail at higher missing energy is ascribed

particularly to deuteron breakup reactions.

Helium-3's from direct reac

tions would appear in the region from 50 to 100 MeV.

It should be noted

that the ^Li spectrum is particularly clean, and no cuts were placed
directly on the missing energy.
The output data from DATSRT was punched on computer cards to
be used as input to the computer program which calculated the crosssection.

This data consisted of a two-dimensional 20 x 20 matrix of the

longitudinal and transverse-within-the-plane components of the recoil
momentum.

Other quantities used in calculating the cross-section such

as stripping fractions and system efficiencies were determined from the
printed output.
Upon the completion of the data analysis of Run 245, a second
^Li run with reasonably good statistics was studied.

This analysis was

performed in the same manner as for Run 245, but otherwise independently.
The results were in good agreement with those of Run 245.

The other ^Li

runs were then studied, followed by runs involving other targets.
The analyses of the data from the other targets were carried
out in a manner similar to the procedure used for ^Li.

The TOF and dE/dx

cuts for each range channel were slightly modified in each case to take
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into account different target thicknesses.

These cuts were opened

slightly to allow for. some broadening of the spectra.
The missing energy spectra for these targets are shown in
Figs. 22, 23, 2*4, and 25.

Notice the main peak is similar to the ^Li

spectrum, but there are many more events in the higher missing energy
wing.

Also, note the slight bump occuring at 75 MeV.
3
due to He's from direct reactions.

This is probably

The cross-sections calculated from these results and the method
of calculating them is discussed in the next chapter.

VI.

A.

CALCULATION OF THE CROSS SECTION

Introduction
Experimentally, the

dV cross-section to be extracted from the

data has the form

dr

.

n.

drL,

i

uf t

( A 3 $)

t Ast, A - n . ^ 4

£

,

<1 9 >

3

where ng (A q) is the number of events in a recoil momentum bln.

It is

necessary to bin the events as a function of the three components of the
recoil momentum, q^ (longitudinal to the beam), q^
the beam within the plane of the experiment), and q ^

(perpendicular to
(perpendicular

to the beam out of the plane of the experiment), because it is the prob
ability distribution in momentum space we wish to extract from this crosssection.

In the denominator of Eq. (19), I is the number of beam alphas in

cident on the target,

is the number of target nuclei per cm^, f

is the efficiency of the system, dun. ^ and A - A 2 are t*ie solid angles,
and

A E is the energy acceptance of the event bin.
This equation is a quantity that is not without some ambiguity

involved in its calculation.
measured experimentally.

The right side' 6f the equation is

It is the probability of observing one alpha

particle into solid angle one, a second alpha particle into solid angle
two, when the energy of one of the alphas is between E and E + dE.

77

One
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ambiguity occurs in the assumption that the two solid angles are inde
pendent.

This is easily seen in the case of elastic scattering when the

choice of one of the

angles automatically determines the second angle.

Although the interdependence of the angles is not quite as stringent in
the case of quasi-elastic scattering, an increase in one of the solid
angles will not necessarily increase the number of events detected.
There is a second problem in understanding the transmission of
an experimental system such as the one in taking this data.

In this case

where the solid angles were centered at the quasi-free angles, interac
tions involving zero momentum of the recoiling nucleus will yield two
particles scattered at the central angles.

This event will be detected

with a certainty of one (ignoring detector efficiencies).

If however,

one of the particles is scattered at an angle slightly different from
the central angle, and/or the residual nucleus is recoiling with some
momentum, the other particle may or may not pass through the solid angle
defined on the other arm of the system.

One way to determine the trans

mission of a system is to simulate the system as accurately as possible
on the computer, using the Monte Carlo technique.
A Monte Carlo simulation of the experiment was performed
assuming uniformly distributed energies on the range side and uniformly
populated solid angles on both sides.
posed on each event.

Conservation of energy was im

The recoil momentum of the residual nucleus was

determined by calculating the vector difference between the momentum of
the incident alpha and the momenta of the two final state alphas.

The

effect of a finite beam size was simulated by a two-dimensional, Gaussian
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distribution which was in agreement with the experimentally determined
distribution.

Multiple scattering of the particles in the elements a-

long each a m of the system was taken into account.
The transmission of the system as a function of the three com
ponents of the recoil momentum is shown in Figs. 26, 27, and 28.

These

graphs indicate the system had a wide acceptance of the transverse re
coil momentum but a relatively narrow acceptance in the longitudinal
component.

The use of the Monte Carlo simulation in the interpretation

of the cross-section will be discussed later.
From the above, it can be seen that

theleft side of Eq.

(19)

is a

function of energy; and the right side is

tude

of the recoil momentum. This is somewhat more of a problem than one

would initially expect.

The magnitude

measured in this experiment, only q ^

a function of the

magni

of the recoilmomentum wasnot
and q^ ^ .

Two methods were employed in calculating the quasi-elastic
cross-section.

Both methods utilized the 20 x 20 matrix of the transverse-

in-the-plane vs. the longitudinal components of the recoil momentum which
was produced by DATSRT.

The method used to calculate the cross-section

from the data is described below.

The alternate method is described in

Appendix V.

B.

Derivation of the Method Used to Calculate

the Cross-Section

Suppose we wish to find the number of events n( Ail
AE) which fall into a five-dimensional space defined by

& xx
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where
terval.

si

and All ^ are t*ie two

angles and A E, the energy In

This space Is populated by a distribution P(.n^ .X^ E). Thus,

f
P

AE) =

e

)
&E

If we randomly fill this flve-dlmenslonal space In a uniform manner, P
has the form
P ( A , - A t E) =

where

(/U, 4 ^

E^MC is t*ie reSi°n populated by the N trials of the

Monte Carlo program.

If

A-n-y &J2.^AE - (
then n = N.

flE)M £

A'n-i.A£)MC ^

If conditions are placed on the trials to determine which

are considered good, the distribution function must be modulated by a
transmission function

E) such that

P(_fL. _ /l

'/

E) ss

l' ;

------- N

—

v

Tc-a.-'V)

(A-A,

.

1 if the conditions are met
where T C ^ ^ E )

■
0 if the conditions are not met.

The equation for n is now

r

*

4E>

f lC

Ail, A-at d£
Changing variables from the solid angles and energy to the three com
ponents of the recoil momentum,:Kthis equation becomes
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(L %,

A

/tSL tla AE)
* MC

X * K

Esf)<J<i

,

(20)

where J(-a^, jfx^, E; q) is the Jacobian transforming from one set of
variables to the other.
Experimentally we measure n@ events which are related to the
cross-section by

Since the cross-section Is a function of the recoil momentum, the variables
can be changed fromxu ^

SI*
2

E t0

•

If the regl°n

integration is

small enough that the cross-section varies slowly within it, it can be
replaced by an "average" value and be removed from the integral.

The

equation in momentum space is

*"•

=

J

£j- ^

■

The transmission integral can be determined by the Monte-Carlo program
using Eq. (20).

fry
A 1"

filler

The experimental cross-section can then be calculated by using

d r

I

7>e ( *■’% )

(21)
do,

d ^ dl

I

Nt;t
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It should be kept In mind that this Is the average value of the crosssection over a small region In recoil momentum space.

Equation (21)

was used to extract the cross-section from the data.
The output of the Monte Carlo program was a 20 x 20 matrix
similar to the output of the data from DATSRT.

A computer program took

these two matrices and, using Eq. (21), calculated the quasi-elastlc
cross-section for each of the 400 bins or some combination of them.

The

value of the recoil momentum for a given bin was found by using the
average value of
taken by calculat

'

for that bin.

The value of q^ Qut was

from the distribution of this quantity

as determined by the Monte Carlo program.
The solid angles and the energy range in the Monte Carlo calculation were chosen somewhat larger than the actual experimental values
to allow for the effects of multiple scattering and finite energy window
of the range telescope to be included.

The values of N

for each target from the physical dimensions and composition of that tar
get.

(See Table 2)
The number of alphas from the beam incident on the target, I,

was determined by scattering alphas from a secondary aluminum target
into the two monitor telescopes described in Section III.

The monitors

were calibrated periodically using the carbon activation method.
When a carbon activation calibration was done; a graphite tar
get was inserted in the beam, the prompt gate removed, and the beam intensity greatly reduced to limit the chance rate.

During the activation

which typically lasted 10 minutes, the monitors were allowed to count
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in the usual manner.

Carbon-11 nuclei were produced by the reaction

—
The

*

HC +

(*»♦<*)

decays by positron emission to "^B.

.

The number of

nuclei

produced could be determined by detecting these positrons, by calcula
ting the decay rate, and normalizing this number by using a calibrated
positron source of
tion from a

12

22
Na.

By knowing the cross-section for

11
C produc-

C target by alphas to be 50. mb (See Appendix IV), the

integrated alpha flux Incident upon the activation target was found.
From this value, the ratio of the number of monitor counts to alphas in
the beam could then be obtained.
The remaining term in the cross-section equation not previously
discussed is the efficiency £ . This consists of three factors - one
describing the efficiency of the spark chamber system, and the other two,
the events lost to stripping on the range and magnet sides.

£ does not

contain the spectrometer transmission which was corrected for in the pro
cedure described above.

The scintillator efficiency was taken as 1.

Deviations from this value are expected to be small compared to the un
certainty in the other efficiencies.

The efficiency of the spark cham

ber system was determined by comparing all the events detected in the
good event region of the TOF spectrum from the magnet side with those in
the same region which were not reconstructed.
The events lost to stripping on the range side were good (Of,
2 CL) events in which the alpha on the range side had lost a nucleon while
passing through the material of the range telescope and the target.

They
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were removed to enable a prediction of such events lost on the magnet
side to be made and to aid In a better determination of the recoil mo
mentum spectra.

Thus, this term succeeds In returning those events

which were detected as alphas from an (CK, 2(X) reaction but stripped.
The term for the magnet side was used to account for those events
stripped on the magnet side as these would not have passed through the
magnet.

This term was calculated by correcting the stripping on the

range side according to the amount of material on the magnet and the
range sides. The assumption that the stripping probability is indepen
dent of the recoil momentum is implicit in this method.

VII.

A.

RESULTS

Preparation of the Data for the Cross-Section Calculation
The quasi-elastic cross-sections for ®Li, ^B, ^C, ^0, and

23
Na, as functions of the recoil momentum, were calculated from the data
according to the method described in Section VI.
these results has been made earlier. ^

A preliminary report of

For **Li the size of each momentum

bin in the 20 x 20 matrix was 20 MeV/c for both the longitudinal and
transverse-in-the-plane components of the recoil momentum (qJ( and q^ ).
Since the statistics for each of the other targets were not as good as for
g
Li, for them the bin size was chosen to be 25 MeV/c for each component.
Although the range of recoil momentum included in the 20 x 20
matrices exceeded 250 MeV/c, the data extended only to about 200 MeV/c
with significant contributions coming from the region below 150 MeV/c
only.

It was from this region that the data points were chosen for study.
Since these spectra are functions of the magnitude of the recoil

momentum, several elements of the 20 x 20 matrix had the same value of |q f
(the recoil momentum) and could be combined.
done in three ways:

This combination could be

for only those elements with the same transverse re

coil momentum, for only those elements with the same longitudinal recoil
momentum, or for all elements with the same value of |"q|. Another consid
eration was whether to combine elements within the 20 x 20 matrix.

Due to

the statistics available, two elements were combined for ^B, ^C, ^0, and

23 Na resulting in a bin size of 50 MeV in both q |( and
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. For

6
Li it was
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possible to use the original bins of 20 MeV/c for qA

and q|( . The ef

fect of increasing the bin size on the spectrum width was studied for ^Li.
It was found that the width of a curve fit to the data could increase by
2
about 10 to 15% when the bin size was increased from 20 x 20 (MeV/c) to
2
40 x 40 (MeV/c) . However, the associated uncertainty in this parameter
significantly decreased, yielding a value which was better determined.
This is an indication that the Monte Carlo method of analyzing the data
corrected for most of the size of the bin used.
A similar effect was observed when the method of combining
the matrix elements was studied.

When the data were analyzed by combin

ing all elements which had the same values of |*q|, narrower widths were
found than when the combination was carried out over all bins with the
same value of |"qj. However, the increased statistics for each summed
data point in the latter case enabled the width to be defined with a
smaller uncertainty than for the former case.

Also, the value for the

width determined in the former case always fell within the interval de
termined in the latter case.

Thus, the final analysis for each target

nuclei was done using data points which had been formed by combining all
matrix elements of the same magnitude of recoil momentum,

|”q| .

The other quantities used in the calculation of the crosssection were the beam intensity, the number of target nuclei and the ef
ficiency of the system.

The values of these quantities and the systematic

uncertainty associated with them are given in Table 2.
The quasi-elastic cross-sections determined as functions of the
recoil momentum are shown in Figs. 29, 30, 31, 32, and 33.

The values
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of the cross-section associated with each spectrum Is given In Table 3.
The er ro r bars Indicate statistical uncertainty only.

The systematic

uncertainty for each target nucleus Is given In Table 2.

It Is on the

average about 18% when the statistical uncertainty In the elastic crosssection Is Included and 12% when It is not.

The dashed curve Is from a

least squares fit to a one parameter Lorentzian function.

B.

Extraction of a Momentum Distribution From the Cross-Section Data
In order to extract the momentum distribution and, ultimately,

an effective cluster number from the cross-section distribution; it is
necessary to divide this distribution by the appropriate kinematic fac
tor and the alpha-alpha center-of-mass elastic cross-section as shown by
4
Eq. (1). The value of the alpha- He cross-section was taken as 0.74 +
0.11 ydb/str at 72.5° in the center of mass.

This value was obtained

from elastic cross-section data shown in Fig. 34 from Igo et al.
uncertainty quoted is due to statistics only.
the systematic uncertainty was provided.
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The

No information concerning

The kinematic factor is a func

tion of both the magnitude and the direction of the recoil momentum.
For the geometry chosen in this experiment, this factor varies by about
+ 5% over the region where (if| varies from 0 to 150 MeV/c.

The value

for the kinematic factor at q = 0 was used for all data, since this is
the average value obtained when both negative and positive values of
transverse and longitudinal components of the recoil momentum are con
sidered.

The values of the kinematic factor used for each target nucleus

are given in Table 2.
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Two analytic functions were fit to the data to aid In the de
termination of the form of the momentum distribution.

One function was

a Gaussian of the form

- l/P
—

i s —

=

N 6

e

« 2>
where both Nft and P

were taken as free parameters.

The distribution

was assumed to be symmetric about q ■ 0. The best values of Nfiand P
2
were determined by minimizing the Jf
fit to the data. With the excep
tion of **Li, the widths of the other four distributions were, compatible
with 140 MeV/c.

Since it appeared the statistics on the data points were

not sufficiently good to warrant a two parameter fit to the data, the
width was held constant at 140 MeV/c, and a one parameter fit of the ^B,
12
16
23
C,
0, and
Na data was performed.
shown in Table 4.

The results of these fits are

It should be noted that the X

/degree of freedom

changed very little from the two parameter fit to the one parameter fit.
2
The reductioninthe J( fromthe two parameter fit to
fit was due to the

the oneparameter

use ofonly data points for q ^ 150 MeV/c in the

latter case.
The second fit was made to a Lorentzian, the Fourier transform
of a pole function, which has the form

d s0-

u

‘
where X. - t f l j C T .

K

N <“ *'*<«*♦**>

’

« 3>

(24)
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In these equations jl is the reduced mass of the alpha-residual nucleus
system, and B is the separation energy of the alpha from the target
nucleus.

This function is expected to be valid only in the region for

1*

*

since it describes only the asymptotic part of the wave function for
small values of q.

The range of J'qf was restricted to this region for

all fits to a Lorentzian.
From the form of Eq. (23), it is clear that there is only one
parameter available to be varied.

However, to determine hciw well the

width parameter fit the data, this parameter was also allowed to vary in
a two-parameter fit.

The value of X which results in the best fit is

particularly important because it is a direct measure of the value of
the separation energy B which best fits the data.

A value of B larger

than the value predicted for the ground state of the recoiling nucleus
would indicate the presence of excited states.
fit value of X

In each case the best

was in reasonable agreement with the value of K

mined from Eq. (24).
function of both X

(See Table 5).

A plot of the

X

deter-

variation as a

and Np for the ^ 0 data is shown in Fig. 35.

A one-

pasameter fit was then made in which Np was the only free parameter.

The

results of these fits are given in Table 5.

C.

Quantities Extracted Using a Gaussian Fit
Using a Gaussian form the values for

and K determined from

a two-parameter fit and the value for N_ from a one-parameter fit with

Q
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P =» 140 MeV/c, n e ff was calculated using the.equation

(25)

s

■f'** .tifl

k

C

,

(26)

“v j J ; ;

where K la the kinematic factor and d<r /d-Q>|cm 1® the alpha-alpha crosssection in the center-of-mass. The values for n
and one parameter fits (except for

eff

from both the two

Li) are given in Table 4.

The value

of n ^ f equal to 0,72 + 0.29 from the ^Li data is in good agreement with
the value of 0.78 +0.07 found by Kitching et al.^
the uncertainty quoted for ne^

In both experiments,

has been determined by allowing the X

2

degree of freedom to change by 1.0.

The values of nefj determined with

a two parameter fit to the data from

12
16
23.
Cf
0, and TJa are equal to

about 0.40 within the uncertainty of the measurement.

D.

Quantities Extracted Using a Lorentzian Fit
As explained in Section II E, four quantities were extracted

from one parameter fits to a Lorentzian.

Using Eq. (25) the values for

ne^ was calculated using the equation'
N,

'"•»

=

„
Is*

where

J

-

j—

IjiJLIch

>

en

is the parameter determined in the least squares fit to the

cross-section.

The values of ng^^ obtained are displayed in a log-log

plot in Fig. 36; the dashed line corresponds to an A

1/3

dependence.

/
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Since »e££ as defined by Eq. (25) is really not indicative of the range
of q values studied, a more relevant quantity is

(28)

O
where q
was taken to be 150 MeV/c, the maximum value of q for which
max
’
there was reasonable data.
The values of

= 0) were calculated using the equation
(29)

A fourth quantity g was calculated using the expression

(30)

Both Eqs. (29) and (30) were obtained by equating Eq. (23) with Eq. (1)
and substituting in the square of Eq. (12) and Eq. (27).
c

g calculated for the five nuclei

in

Li,

in

B,

ig

C,

The values of
£a

0, and

Na are equal

-3
—1/2
to a value of 3.5 x 10
(MeV/c)
within the uncertainties of the data.
These values are plotted as a function of A in Fig. 42.
these four quantities are listed in Table 5.

The values of

The uncertainties in q,

ne£j» and ne^(obs) were determined by allowing the X

2

/degree of free-

domto change by 1.0.

E.

Information from Al, Fe, Cu, and Pb
Three heavier targets of naturally occurring Al, Fe, and Cu

were also investigated.
was:

The number of true ( Q 2(0 events observed

22.7 + 2, and 6 + 3 events for Al, Fe, and Cu respectively.

(For
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comparison with the other five targets discussed above, see Table 2.)
The small event numbers did not allow the form of the momentum distri
bution to be determined.

However, values for nef£> f Y ( q - o),

n^^Cobs), and g were extracted from this information with the help of
several assumptions.
In order to determine these quantities, the Lorentzian func
tion with values of X corresponding to the ground state separation
energies was used.

Then, by summing this function over the appropriate

range of q, the value of
of events observed.

could be determined from the total number

Serious difficulties in this procedure are the un

certainties of the momentum range in which reliable-data had been taken
and the presence of excited states in the residual nucleus.

For all

three of these nuclei the momentum range was assumed to be from 0 to
150 MeV/c.
The results from this analysis are shown in Table 5.

The

values of g extracted are not inconsistent with the values obtained from
the lighter nuclei.

The uncertainty in the Al values is about 20%, in

dicating reasonable reliability.
is around 50%.

However, for Fe and ‘Cuyrthe uncertainty

This uncertainty includes statistics and the indeterminacy

in the high momentum cut off.
An attempt to obtain data with a natural Fb target was made.
However, in this case no events could be positively identified as being
from the (o L , 2 06) reaction.
possible.

Therefore no quantitative results were

Data for a number of monitor counts comparable to Al, Fe, and

Cu were taken.

Since the number of nuclei in the Pb target was approximately

93

the same as for the other three, it Is reasonable to say the crosssection for Pb is quite small.

F. The Effect of Excited States of the Recoiling Nucleus
The above analysis using a Lorentzian was made with the assump
tion that the residual (or recoiling) nucleus was in its ground state.
Due to the energy resolution of the experiment which was about 40 MeV
(FWHM), it was not possible to use the missing energy to resolve the
ground state from the lower excited states.

The excited states which

may be present, could produce an uncertainty in the quantities measured.
Although no criteria exist which would determine the fraction of events
involving excited states, some indication of their contribution can be
ascertained.
The most reliable evidence that the data from the lightest
five nuclei consisted mainly of events in which the residual nucleus in
the ground state comes directly from the recoil momentum fits themselves.
The uncertainty in the width parameter K in the pole function compared
to the uncertainty in the separation energy can be written as
A K

T

^

J_

‘ M

where B is the separation energy.

AB

The uncertainty in the separation

energy, £B, can be taken as the energy of the^first excited state of
the residual nucleus.

This is the worst case, since higher excited

states will give rise to larger widths that are more easily seen.

The

ratio of the excitation energy of the lowest state in the residual nuclei,
to the ground state separation energy for the target nuclei ^B , ^C, ^0,
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and ^ N a are respectively 2.2/4.5, 2.9/7.4, 4.4/712, and 0.1/10, which
correspond to 50%, 35%, 60%, and 1% for AB/B.

The respective values

for AK./K are respectively 6%, 9%, 10%, and 10%.

Only in the case of

23
Na is the predicted uncertainty in the width less than the measured
value.

The three low levels of
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F (from 0.11 to 0.20 MeV) may explain

the slightly high value of g determined for

23
Na.

This calculation does

not indicate that all events involving excited states were excluded from
the momentum spectra.

It does, however, strongly indicate their effect

was minimal.
The situation with ^Li is somewhat !different, since there is no
bound excited state for the deuteron.

However, when the deuteron is

broken up into a neutron and a proton, a continuous background appears
in the missing energy spectrum.

By extrapolating toward lower energies

under the missing energy peak, an estimate of the deuteron break-ups in
cluded in the data can be made.

(See Section II B 2.)

For this data

the break-up channel is estimated to contribute less than 10% of the
accepted events.
The fact that in the majority of the events the recoiling nu
cleus remained in its ground state can be rationalized in a graphical
way.

To leave the residual nucleus in an excited state, one or more of

the nucleons comprising the alpha must come from a lower lying level
within the nucleus.

The particles in these lower levels, being more

tightly bound, have a smaller probability of being in the region where
the (ol, 2<X, ) reaction can occur.

Thus, these channels are suppressed.

VIII.

A.

DISCUSSIONS OF THE RESULTS AND CONCLUSIONS

Comparison of the ^Li Data With Previous Experiments
Since ^Li has been extensively studied, it is useful to deter

mine if there is a reasonable agreement between the results from this
experiment and previous experiments.

If this is indeed the case, the

results from the other target nuclei will then be more credible.

The

most appropriate work to use for comparison is that of Kitching et al.^
for the reaction ^Li(p, pd)& at 590 MeV.

It was a more precise experi

ment than the present one, being done with better resolution and having
the advantage of detecting the deuteron leaving the alpha to recoil.
Due to the comparatively large energy required to break up an alpha, it
was easier to choose events in which the recoiling alpha was intact.
The data points for the experimentally determined quantity
n ^ £ ^*^(q) from both experiments are shown in Fig. 38.

A Gaussian fit

to the data in Ref. 5 gave a width of 73.0 + 1.6 MeV/c and
+ 0.07.

■ 0.70

A Gaussian fit to the present data indicates a width of 85.

+ 9 MeV/c and ne££ = 0.72 + .29.

As in the data in Fig. 38 and these

values indicate, the measurements are in agreement.

This implies the

alpha-deuteron clustering measured from these two channels is essentially
the same.

The somewhat broader width measured in this experiment is

understandable, since our energy resolution was not as good.

The pre

sence of events in which the recoiling deuteron was broken up would tend
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to broaden the momentum spectrum.

It Is also apparent from the compari

son of the data from these two experiments, that the impulse approxima
tion gives essentially the same results for these two probes.
Another experiment which confirms these results is the
6
+
52
Li (fr , pp)9t experiment by Arthur et al.

The momentum distribution

measured in Ref. 52 is in good agreement with the present results, al
though Arthur’s value of 1.25 for

is somewhat larger than the value

of 0.98 +0.05 found here (see Section III A); both numbers are obtained
assuming the pole function, instead of a Gaussian.
When the present result is compared'to other ^Li(0(, 2(L )d ex
periments done at lower energies, it is found that the widths measured
in those experiments are smaller than those quoted here; also, their
values for ne^

are smaller.

For example, Watson et al.

12

at energies

from 50 to 80 MeV find a width I"*, of 35 MeV/c and a value for ne££ of
0.08 +0.05.

In Ref. 12, the smaller widths at these lower energies are

ascribed to larger distortion effects at those lower energies.

B.

Gaussian fits to ^B, ^C , ^0, and ^ N a
With the validity of the data substantiated in the case of ^Li,

consider next the Gaussian fits to the cross-sections measured for ^B,
19

C,

16
oo
0, and
Na.

A Gaussian momentum distribution is the Fourier

transform of a IS harmonic oscillator wave function, which does not have
the correct asymptotic behavior (in configuration space). However, har
monic oscillator wave functions are used in several theoretical papers.
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With this in mind, consider both the one-! and two-parameter
Gaussian fits.

The widths found for these four nuclei are significantly

broader than the width found for ®Li, and the values of ne££ are smaller.
However, the differences in ne££ are not statistically significant among
the targets ^B, ^ C , ^*0, and ^Na.
were better than those to

The fits to the

and

data

16
23
0 and
Na.

When the uncertainty from the Gaussian fit is taken into ac
count, there is little difference among the values of nef£ for these four
nuclei.

This result is in itself interesting since both the NCM and

the older alpha cluster model predict quite different results.

This is

particularly striking when these results are compared to the results from
g

Li.

Both models, when naively applied, predict clustering effects which

are greater in the heavier nuclei.

However, the values for ne££ from the

Gaussian fits indicate on the average 50% less clustering in the heavier
nuclei than in ^Li.

Clearly there are other effects involved.

(See

Sections VIII C and VIII D.)

C.

Interpretation of the Data in Terms of the Pole Function
As discussed in Section II, a pole function of the form

.

- Hr-

~

e

/ r

describes the asymptotic form of the wave function outside the nuclear
potential.

This should provide an adequate description of the reaction

since the region probed is extremely localized in the outer regions of
the nucleus as was discussed above.

If

(q), the Fourier transform of
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this asymptotic wave function is written

I

„

JffrB

f<t> '

V

(l + Z)

X-

1/^

3

a plot of y vs x yields a straight line with slope 2 fr r B/g and x inter
cept -1.

Such a presentation of the data is called a Chew-Low . plot.

The physical region is defined by x — 0.
lated to g,

(q = 0), and

The slope of the line is re

the normalization constant.

plot is shown is Fig. 40 for the ^Li data.

Such a

This plot includes the data

from this experiment along with the data from Kitching et al."* and
Bachelier.
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It can be seen that the data from these three experiments

are in good agreement.
In the following, as was described in Section VII,the momentum
distributions were fitted directly to a Lorentzian, and the desired
parameters extracted from this fit.

Of the three quantities extracted

using this model, the vertex constant, g, has the most useful physical
interpretation.

It describes the virtual process

%
—
* X s
<*There are two important points to be made concerning the values of g
measured.
First, the value of g measured for
(MeV/c)

-

1/2

in Table 5.

6
“3
Li is quoted as 3.48 x 10

This value is in good agreement with.the values

of g extracted from the ^Li(p, pd) data from Kitching et al."* at 590 MeV
and Bachelier
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at 156 MeV.

—3

These values are 3.64 x 10

and 4.02 x 10-^ ^ respectively.

(MeV/c)

—1/2

At lower energies, the ^Li(df , 2 CL) data
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of Watson et al.
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at 80 MeV and the

6

Li(p, pd) data of Jain et al.

io

at 60 MeV yield g values of 2.63 x 10”3(MeV/c)~1/2 and 2.93 x 10"3
(MeV/c)

-

1/2

respectively.

Although these values are somewhat smaller

than the others quoted above, they are not inconsistent with them.

This

is understandable In part because of the smaller incident energies where
both Coulomb and nuclear distortion effects become more important.
all cases, the X

In

-values obtained indicate that g can be considered a

constant for small values of q, and this constant has a value near 3.6
-3

x 10

(MeV/c)

-1/2

. The vertex function, g, also appears to be Indepen

dent of the probe used to measure it and somewhat independent of energy
(see Ref. 60).
The second point is that the values for g extracted from the
10

B,

19

C,

16

0,

91

Na,

97

Al, and Fe data are all consistent with the same

value of g determined for ^Li.
expected.

(Figure 37)

This result is somewhat un

It indicates, that for small values of the recoil momentum,

the probability that these light and medium nuclei disassociate into an
alpha particle in the rarefied region of the nuclear surface is the same.
The data for Cu do not appear to support such a large value
for g, although due to the large uncertainties in the value, it is not
inconsistent with a constant.

Smaller values of g for heavier nuclei

are supported by the work of Bachelier et al.
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This will be discussed

below.
The second quantity calculated from the Lorentzian distribution
was

<f*,
<P(q * 0).

This is a measure of the cross-section for zero recoil
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momentum.

It can be seen from Table 5 that this quantity decreases

rapidly with increasing A.

For example,
q

in

c

0.33 + .>06, and 0.10 + .03 f

for

“ 0) equals 3.43 + 0.1,

Li,

oo

B,

Na respectively.

The other quantity extracted from the Lorentzian distribution
was n

... It can be seen from Table 5 and Fig. 36 that these values of
ef f

ne^

are larger than the corresponding values calculated using a Gaussian

distribution, and these values increase as a function of A whereas they
tend to decrease for increasing A when the Gaussian is used.

The former

effect is explained next.
The values of ne^

measured using the Lorentzian form are really

normalization constants which depend on the integral (see Eq. (25))

oO

r

c*

(30)

%')

6
It is not surprising that this method yields values for
than those for a Gaussian fit to the data.

much larger

The integral is weighted by

2
a factor of q ; and since a Lorentzian falls off at large values of q
more slowly than a Gaussian, the value for ng^^ is larger for the
Lorentzian.

The fact that these values of ng^^ for the lightest nuclei

appear to be proportional to A
and is probably fortuitous.

1/3

as shown in Fig. 36 is quite unexpected

A naive calculation, assuming that the ef

fective number of alpha clusters measured is propbrtional to the volume
of the pole caps probed (Fig. 39), and that the density of nuclear matter
is constant (implying r ^ A
to A

-1/3

.

1/3

), predicts that

It is tempting to try to correlate the A

should be proportional
1/3

relationship to
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the fact that X , for the present sample of nuclei also Increases like
A

1/3

. However, the Integral In Eq. (30) Is not a function of iC when

the Integration Is from zero to infinity, so that »e££ Is really deter
mined only by the measured quantity Np.
A quantity, ne^(obs), can be calculated from the data by in
tegrating over the range of recoil momentum

0 £ 1 £ tS~0 M*V/c
over which reliable data were taken.
Table 5.

Values of n^^Cobs) are given in

They are smaller than those obtained from a Gaussian fit, be

cause there was no cutoff included in the Gaussian fit.
do show a decrease with respect to A.

These numbers

It is reasonable to consider

ne££(obs) as the quantity describing the clustering "measured" in the
present experiment, since the fits to the data are good in the region
from 0 to 150 MeV/c.

D.

A Discussion of n
eff
Three quantities, n^^obs), ng££ from a Lorentzian fit, and

n ,,, from a Gaussian fit have been used to describe the effective cluserl
tering of alphas in a nucleus. Each of these behaves somewhat dif
ferently from the others, and each is limited in its interpretation.
The number n^^Cobs) is used to describe the amount of clustering ob
served within the recoil momentum range probed by this experiment.
Therein lids its usefulness.

This number cannot be compared with theor

etical calculations unless distortion and absorption are taken into ac
count.

It is also difficult to compare the value from one target with
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that from another since the expected widths from these targets differ.
ne^^(obs) Is a quantity which can be compared from one experiment to
another for a given target.
The values of n
eff

extracted from the Gaussian fits to'the data

are larger than the corresponding values of n ^(obs).

These values in

clude higher momentum components than were actually observed.

However,

they do allow the comparison of curves with different widths.

Again,

there is no correction for distortion or absorption.
One of the problems in the interpretation of the data is the
different fraction of the momentum distribution which was observed for
the different nuclei.
is 60 MeV/c.
studied.

For example, the width parameter, K

, for ^Li

This means that a region 2.5 times the width parameter was

However, for ^0, the width parameter is 200 MeV/c, so only

0.75 of one width parameter was probed.

Consequently, much less of the

^ 0 momentum distribution has been probed than for ^Li. This may be
onereason why n^^Cobs) and

^e££ from the Gaussian fit are so much

larger for ^Li than for ^*0.
The values of n
extracted from the Lorentzian fit avoid this
eff
difficulty by assuming this function is valid over the complete range
of q, i.e.
0 is % ±
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This however is unlikely, since the pole approximation is only expected
to be valid for small values of q.
for absorption or distortion.

Again, there has been no correction
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To provide a better understanding of the clustering present In
the heavier nuclei, a larger range of recoil momenta should be studied.
This, however, Is difficult to do for several reasons.

The probability

of observing such large components decreases, making the observation of
them more difficult.

The higher momentum components also Imply Inter

actions which occur deeper within the nucleus.

This Increases the ef

fects of absorption and distortion which also decreases the probability
for their observation and increases the difficulty of their interpreta
tion.

A related problem is the region of the nucleus which can be probed

by the incident particle.

This sensitive region varies from nucleus to

nucleus making the comparison of ne££ more difficult.
It is evident from the above discussion that the values of
n ^ ^ from different nuclei must be .'interpreted carefully.

There are

several factors which have not been included in their calculation which
probably vary from nucleus to nucleus making direct comparison ques
tionable.

E.

Comparison of the Results from the Heavier Targets with Other
Experiments
A comparison of the ^Li data with other experiments has been

made above.

The agreement has been good, which gives a greater crediM•

bility to the results from the other targets.
which studied (0£, 2& )

The only work to date

reactions at these energies was that of Igo et al.7

This work was discussed in Section III.
studied in both experiments were

12

C,

The target nuclei which were

27
Al, Cu, and Pb.

As discussed in
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Section VII, the data from the Fb target In the present experiment
were too uncertain to provide reliable results.
pare the d V

It Is difficult to com

- cross-section of the present experiment with the Inte

grated cross-section

o/v

_

r

r

clJX, ' J \4A,<U^d£/
measured In Ref. 7.

The ratio of this quantity to the elastic alpha-

alpha cross-section at the same angle was calculated.

These ratios

should be proportional to the amount of clustering In the target nuclei.
The ratios for

12

C,

27

Al and Cu were found to be 3.9 + 1.2, 1.2 + 0.5,

1.8 + 0.3 respectively.

The values for n^^Cobs) in the present experi

ment for ^C, ^ A 1 and Cu were 0.14 + 0.03, 0.065 + 0.013, and 0.04 + 0.02
respectively.

These (umbers are obviously quite different.

reason may be the range of recoil momentum probed.
ascertain this from the earlier experiment.
to the

Part of the

It is difficult to

The ratios of the

12

C value

27
Al and Cu values are about the same in each case, being approxi

mately 2.5.

It is difficult to draw any strong conclusions from such

comparisons except that the amount of clustering observed in the present
experiment is significantly smaller than was previously determined.
The effective alpha clustering in

12
C was measured by

Kannenberg^ using the (p, p Of.) reaction at 160 MeV.

She measured the

effective clustering in ^ C to be 0.13 + 50%^® when the recoiling ®Be
nucleus was left in its ground state.

This value for n ^ ^ was obtained

by doing a numerical integration of the recoil momentum spectrum mea
sured from -170 to 250 MeV/c.

The ratio of the yield to the first
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excited state to that for the ground state was measured to be 0.6t but
since a recoil momentum spectrum was not available for the excited
state, no value for

Is quoted.

In a similar experiment on

12
C at

44
150 MeV, James and Pugh
found

neff(0 + 3 MeV state)

-0.02 * jj'jJJ

neff(ll MeV state)

-0.14 * jj'JJ
- 0.30 *_

nef£(total)

The discrepancy between these two experiments was due to a disagreement
In the absolute cross-section measurements.

These numbers are to be

compared with n^^Cobs) = 0.14 + 0.03 from the present experiment.

This

result compares quite favorably with the result from Kannenberg, espe
cially if the excited state contribution to this (<X, 20i) data was
minimal.
Kannenberg et al.
16
0.
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also measured the effective clustering in

The value measured for n
from
err

16
0 was 0.066.

small contribution of events which left the recoiling
excited state.

There was only a
12

C nucleus In an

Kannenberg quoted no uncertainty on this quantity.

The

value for ne^(obs) in the present experiment for ^ 0 was found to be
0.16 + 0.04.

This value is about 2.5 times larger than the one quoted

in the earlier experiment.
In order to determine the variation of the vertex constant g
with A, the data from Bachelier et al.
tity g/g,
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was used to calculate the quan

. This data was taken for q » 0 only.
Li

Values are given for
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both ground plus the first few excited states and for all final states
of the recoiling nucleus.
Fig. 41.

The values for these ratios areshown In

It can be seen that the ratios for

24
28
Mg and
SI for all final

states are In reasonable agreement with those ratios for
In the present work.
g for

6

This Is particularly significant If the value of
-3

Li of 4.02 x 10

(MeV)

59
Bachelier
can be assumed.
(MeV)

-

1/2

23
27
Na and
Al

-1/2

determined from the earlier work from

This value can be compared with 3.48 x 10

from the present work.

The

-3

trend of g for very large values

of A is not clear, even with the consideration of these additional data.
If anything can be concluded, there may be a decrease of g with increas
ing A.

Observations on Clustering in Nuclei
The data presented above indicate the amount of clustering
measured is much less than the total clustering predicted by theoreti
cal calculations.

This was not unexpected since alphas have a very large

reaction cross-section even at high energies and many are not observed
due to break up.

A question still to be answered is if the clustering

predicted by such theories can be directly measured.
The theoretical techniques discussed in Section II and Ap
pendix 1 and used to analyze

this data are not adequate to describe

the total clustering within the nucleus.

It is the nature of the alpha

cluster itself which makes it very improbable that it can be removed
from the more dense regions of the nucleus, regardless of the type of
probe used, from alphas to protons to electrons.

If the plane wave
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Impulse approximation is not valid, then distorted wave calculations
must be done.

However, even in this case, there is serious danger in

extrapolating with data from the rarefied region of the nucleus to the
very dense regions.

Consequently, it is doubtful if the clustering in

nuclei can be directly measured by knock-out reactions.
The basic question is the validity of the cluster model. There
g
is much data supporting the description of Li by such a model. This
includes predictions of the lower level excited states and the effective
cluster number which are in reasonable agreement with the experimentally
determined values.

However, the effects of clustering which should be

measurable by knock-out reactions do not seem to be particularly strong
in

12
16
C or
0 where such effects have been predicted to be quite promi

nent.

In fact, the data quoted £rom this experiment indicated no parti-

cular enhancement of alpha clustering in

1.2
16
10
23
C or
0 over' B and
Na.

On the other hand, it does seem that the clustenrmodel is useful in pre
dicting certain quantities associated with the collective motion of nu
cleons within a nucleus.

Several examples of this are the inelastic elec-

27
tron scattering form factors calculated by Nobel
and the E2 and E3
transition probabilities studied by Neudatchin and Smirnov.

23

However,

when direct reactions are used to remove an alpha cluster.which is then
detected as an alpha particle, the theoretical predictions do not seem
to be supported.

The fact that the vertex;constant is the same for all

light nuclei studied, would seem to indicate there is little difference
in the alpha clustering between light nuclei in the rarefied regions at
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the periphery of the nucleus.

From this is appears that only the concept

of "virtual clusters" within the nucleus is useful in describing data.

G.

Summary
Quasi-elastic cross-sections for the (<£, 20£) reaction were

measured for eight target nuclei
Cu.

6

Lif

10

B,

12

C,

16

0,

21

27

Na,

Of these, the most extensive study was made of ^Li.

Al, Fe, and

The momentum

distribution and effective cluster number measured for ^Li are in good
agreement with (p, pd) experiments done at energies above 150 MeV.

This

agreement occurs for both Gaussian fits and Lorentzian fits and includes
the quantities calculated from' such fits, particularly the vertex constant
g.

The momentum^distribution determined was also in agreement with the mo-

mentum distribution from the

6

+

ypp)* -experiment by Arthur et al.

52

Although not as extensive as for ^Li, the data taken for ^B,
12

C,

16

0, and

tribution.

23
Na were adequate for a determination of a momentum dis

The most significant result from these nuclei are the agree

ment of the measured momentum distribution with the Lorentzian predicted
by the pole approximation and the extracted value of g for these nuclei.
This value is consistent with the value of g extracted from the **Li data.
This indicates a similarity, at least among light nuclei, to undergo the
virtual process of dissociation into a sub-nucleus plus alpha at the
periphery of the nucleus.
Data were taken for targets of

27
Al, Fe, and Cu.

The number

of events was not sufficient to determine a momentum distribution.

How

ever, it was possible to extract the vertex constant g from these data if
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the appropriate Lorentzian was assumed to fit the data.
from

27

The value of g

Al and Fe were found to be consistent within the uncertainty with

the values determined from the other targets.
Cu was significantly lower.

The value of g from the

However, the data sample from Fe and Cu in

particular was extremely small, so that the associated uncertainty is
extremely large.
The cross-section for the reaction
at 700 MeV.

12
C(fll

n)

11
C was measured

The value obtained is in agreement with measurements made

at both higher and lower energies.

These results indicate a weak energy

dependence in this energy range.
It is clear from the present work, that alpha particles were
knocked out of the various target nuclei; whether these alphas were
preformed or not remains to be answered.

It is also evident from the

data that the wave function in momentum space is well approximated by
the Lorentzian)form, for values of the internal momentum up to 150 MeV/c.
This result was not unexpected due to the peripheral nature of the reac
tion; it is interesting since it had not been observed before.

The re

sult also indicates that strong absorption does not appear to distort
the momentum distribution significantly.
The most interesting result is that the value of the vertex
constant, g, is the same-Within the uncertainties of the experiment for
all the nuclei studied (with perhaps an exception for Cu). This is parg

ticularly surprising in the case of
ferent from the heavier nuclei.
reason for this effect.

Li which has a structure quite dif

At this time there seems to be no obvious
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The result that n __(obs) decreases with A is consistent with
eff
the results from most of the earlier experiments.
possible reasons for this.

The volume of the region probed decreases

with A, and up to Fe, the values of K
mentum distributions.

There are several

increase, indicating wider mo

Appendix I
THE PLANE WAVE IMPULSE APPROXIMATION

The plane wave impulse approximation (PWIA) describes a situa
tion in which an incident particle represented by a plane wave interacts
only with a target particle within a nucleus with the remainder acting as
a spectator.

This leaves three particles in the final state which are all

represented by plane waves.
particle.

The interaction occurs only with the target

The residual (recoil) nucleus does not interact with the in

cident particle before the collision or with either particle after the
collision.

The probability for knocking out a cluster from a nucleus

can be described in this manner.

The process can be thought of in terms

of the pole diagram shown in Fig. 1.
in this work is *

C

^ ^

The specific process investigated

) ^z-i

.

In the following derivation *h = c = 1 the three-momentum, total
energy and mass of a particle will be denoted by k, E, and m, respectively.
There are two reference frames necessary to carry out the deri
vation.

The three-body system is shown in Fig. 2.

The initial state

consists of an alpha particle with momentum kg Impinging upon a target
nucleus at rest which consists of an alpha cluster and a residual nucleus
each with internal momentum or Fermi momentum 'qv
such that their vector sum is zero.
target nucleus is given by
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and

respectively,

The center of mass coordinate of the

In the final state the three particles have momentum
where according to the impulse approximation k^ =*"q^.

k^, and k^,
The two body sys

tem shown in Fig. 3 consists of the incident alpha and the target alpha
with momenta kg and q

in the initial state and k^, and k^ in the final

state.
The initial state of the target nucleus can be described by
the wave function

The summation is over all the excited states of the residual nucleus.
Spin states are not explicitly shown, since the spin of the residual
nucleus must be the same as that of the target nucleus.
tions

The wave func-

are the internal wave functions of the alpha cluster

and the residual nucleus, respectively.

The relative motion of the two
Each of the terms of the series

has a different energy dependence and, therefore, is distinguishable ex
perimentally from the other terms.

In fact, this was not completely

possible in this experiment due to the energy resolution which was not
adequate to separate the ground state from the excited states.
jugate momentum k^ to r^ is zero.

The con-

The relative coordinate between the

alpha cluster and the residual nucleus is

113

The unbound particles are described by plane waves, which are delta func
tion normalized, of the form

-r* _»

The Initial state can be represented by the wave function
|i>

=

IX , M>

,

where A represents the intrinsic state of the target.

In momentum space

the wave function of the target is

x

i fl>

-

^
J

^

<A_1>

where

k

U

(A.2)

-

^ A
is the canonically conjugate momentum to the relative position s . The
function

.(k ) is the Fourier transform of the relative motion wave

1

-tL

function of the clusters T (tq

- r^).

The delta function contains the

information that in the laboratory system
kA = 0
A
which implies

The final state wave function can be written as

i -fy

”

I "ki k

^ ^

«

The transition matrix in the laboratory system for a cluster knock-out
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reaction Is then written

Tf l *
where T

3B

< - f | T j i > -

< \ \ \

|T

|X A>

Is the complete three body transition matrix for the reaction.

The Impulse approximation can now be Introduced.

In this approximation

It Is assumed that the Incident particle only Interacts with the alpha
cluster, and the residual cluster Is a spectator during the reaction.
Thus, T

3B

2B
can be replaced by T , the T operator for the interaction be

tween the incident alpha and the alpha cluster.

In this way, all inter

actions between the incident alpha and residual nucleus are ignored along
with all interactions between the alpha cluster and the residual nucleus
after the collision.

Automatically included in T

2B

are multiple scat

tering and exchange effects between the two alphas.
With this approximation the transition matrix element is now

T„.

,VU T"lX.fl>

<1,
V

= f

A ,
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when Eq. (A-l) and (A-2) are used.

Integration over

yields

T f,-

(A-3)

'

j

In order to emphasize the two body transition matrix element for a given
state, j, of the target nucleus, Eq. (A-3) can be written
36
(A-4)

where

T,r* a.t.irT vo

(A-5)

with initial state (k^, -k^) and final state (k^, k^). Since the Tmatrix is translation invariant, it is independent of the momentum of
the center of mass.

Transforming to the center of mass and relative

momenta for the two-body system, this matrix element can be written

I

T

-

{

(

t

-

V

V

l

)

l

>

t

f
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,

where

C

- d ,

I

-

H

(A-7)

is the reduced T-matrix for the two body system, and k^ and k^ are the
relative momenta of particles 1 and 2 in the initial and final states.
Since the target is at rest, the momentum delta function also
expresses momentum conservation for the three-body system.

However, the
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struck particle is bound in the nucleus; and, therefore, energy conser
vation for the two particle system does not hold; i.e.,

E. + E* > E, ♦
where

% 1/

To define the matrix element for this process, analytic continuation of
the T-matrix off-the-energy-shell is required.

This analytic continua

tion process is ambiguous, so the off-the-energy-shell effect will be
neglected.
Now inserting Eq.(A-6), and (A-7) into Eq. (A-4) yields

T , r - I

s

j

J-i

where

are the center of mass momenta before and after the collision.
remembering that in the impulse approximation T

3B

Now

2b
equals T , T ^ can

be written in terms of the three-body reduced matrix element, i.e.,

I- SlXr’KKj
where

f—

A

c 4 ■ J1 1 f <*>

id
X0

•

(A-8)

With this expression for the transition amplitude in terms of
the reduced three-body T-matrix, the laboratory differential crosssection for the knock-out reaction can now be written.

This differential
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cross~section, for a three particle final state with particles 1, 2, and
3 having momenta In the respective ranges of

rfv -

where

{ g

and

a

and

dk^, and dk^, i s ^

d \ d \

and

are the three momenta of the center of mass

and the total energy of the system In the initial and final states, and
*lT.el Is the relative velocity between the incident and target particles.
This expression can be rewritten using Eq. (A-8) as

jV

a u

=

I

I

A A A

)
28 I *

where R^, and R^ were defined above and

I v j

--

E.

In this reaction, particle three is not observed.

Therefore,

the integration can be carried out over k^ yielding

do-

=

£§,

E.

C/Ei t U ,

^d a-Jk

fc f'l

where the orthogonality of the ^ j ' s has been used along with the relation

and now
3
The remaining delta function can be used to project out a given
final state within a given region of energy E^.

This is accomplished by
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Integrating over dk^ using

E ;=

and

where

k

dk

_

LOS&i “•

E,

Substituting these relations, Integrating over

and rearranging terns

yields
.

< £ _

= (i*jT E M

djl.cljl^d E,

lr,

£

E E a ______

E3 K ~ Ei I

"*,

P»KI*-U

where this expression Is evaluated for
Ef-Ei

,

It Is Important to note that the energy conservation Is not the same for
the usual two-body system, because of the binding energy of the alpha
cluster in the target and the recoil energy.

Thus, this knock-out reac

tion Is off the two-body energy shell.
It Is now convenient to express the reduced two-body transi
tion matrix in terms of an experimentally measured quantity.

To accom

plish this the Lorentz invariant amplitude for the two-body system is
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defined as

where the k^ and the k^ are the relative momenta of particles in the twobody system as used in Eq. (A-7).

This amplitude contains the same off-

the-energy-shell ambiguity as described above.

Using Eq. (A-7) this

becomes

.

(A- 10)

The two-body, on-the-energy-shell cross-section for elastic alpha-alpha
scattering in the center of mass can be written as

*r.
d n - l t„

Ecm

If Eq. (A-10) is substituted into Eq, (A-ll), Jt^J
function of dqr /dA, 1

can be found as a

. Substituting this value into Eq. (A-9) results

in the expression
Jo-

c l n . 3 d E(
(A-12)

^

k^|XK' Ki

^

_ jsti yi3-i*i

- €<*(.*<ej' k
j]

j

J i * •
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Equation (A-12) is the theoretical expression for quasielastic cross-section measured In this experiment.

It can be rewritten

as
dfr
z

di^dSLjt,

*

(A-13)

j
where

(A-14)

and
’’

| djI

*

(A-15)

There are two subjects which should be considered before Equ^
(A-13) is applied.
tion.

The first Is the validity of the impulse approxima

The second is

the effects caused by being off-the—energy-shell.

Included in this assumption is the validity of replacing the off shell
matrix element by one on shell, and the ambiguity in choosing Ecm and
These subjects will be discussed further in Appendix 2.

Appendix II
A DESCRIPTION OF COMPUTER PROGRAM QUASEI

The computer program which executed the initial data reduc
tion was called QUASEI.

A block diagram of QUASEI is shown in Fig. 10.

In the diagram, the order in which the subroutines are called is indi
cated by reading from left to right.

The purpose of this program was to

find the maximum number of trajectories for an event from a given group
of spark planes, and choose the best of these trajectories for analysis.
This could involve up to 48 different trajectories if the group being
considered had three planes with the possibilities of recording up to
four sparks from each plane.

It was necessary to consider all possible

trajectories since it could not be known apriori which trajectory was
the "correct" one.

The ability to look for three sparks in three dif

ferent planes which were aligned, indicating one trajectory, aided in
the reduction of such a large number of possible trajectories.

A des

cription of QUASEI follows.
The "MAIN" of the program read the raw data from the data tapes.
It zeroed all matrices at the beginning of each run, called subroutine
VARIA which read the input parameters, selected which runs were to be
analyzed, and determined if any of these rims were to be summed together.
A single event was comprised of three different types of data words;
Type 1, Type 2, and Type 16.
recorded them accordingly.

The program differentiated between them and
When all the information necessary for the
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definition of an event was entered, MAIN called the analyzing subroutine,
CATRAJ.

Upon the analysis of an event, the refined Information was

written on magnetic tape.

At the completion of a run, MAIN called sub

routine XSECT which printed out the results from the analyzed data.

If

another run was to be analyzed, the data matrices were again zeroed; and
the process described above was repeated.
The four subroutines called by MAIN were VARIA, XSECT,STATIS,
and CATRAJ.

As mentioned above, VARIA was used to read the Input param

eters for a run Into the program and XSECT printed out a compilation of
the Information obtained In the analysis of the run.

Subroutine STATIS

compiled statistics pertaining to the operation of the spark chambers.
These statistics Included such quantities as the number of times no
spark occurred, at least one spark with the fiducial occurred, no spark
and no fiducial occurred, etc.

Another useful quantity tabulated here

was the multiplicity of sparks in the good region of each spark plane.
About one-half of the events consisted of more than one spark in a given
plane.

Statistics on two other quantities were also gathered here.

They

were the distribution of the first sparks in a given plane and the dis
tribution of the position of the second spark relative to the first
spark.

The former distribution was formed to insure that the chamber

was not breaking down at the same spot each time.

The latter distribu

tion was formed to determine if any reflections from the signal pulse
of the first spark were being recorded.
The remaining subroutine called by MAIN was CATRAJ.
was used to determine all possible trajectories.

CATRAJ

Its primary function
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was to maximize the number of trajectories from a given group of spark
planes.

Other subroutines were then called to analyze the trajectories.

To accomplish this, each group of spark chambers was considered indi
vidually.

As described in Section IV, there were three sets of spark

chambers, two on the magnet side and one on the range side.

Each set

consisted of two groups of spark planes, one horizontal and one vertical,
making a total of six groups to be considered.

CATRAJ first eliminated

all sparks outside defined regions in each plane.

Then, within each

group, all combinations of two good sparks (from different planes) were
used to calculate a slope and an intercept which then defined that tra
jectory.

Such a trajectory was called a double spark trajectory.

If

these parameters were outside certain limits, the trajectory was not
considered further.
If there were three planes associated with a group, as there
was for the three horizontal groups, the program would search for three
aligned sparks.

If such a combination was found, a slope and an inter

cept was associated with it, and it was denoted a triple spark trajec
tory.

The three double spark trajectories associated with it were then

ignored.

Triple spark trajectories were given priority over double

spark trajectories.

Upon the determination of all possible good triple

and double spark trajectories, the program checked to insure there was
at least one good trajectory in each group of horizontal planes.

If

this was not so, the analysis of this event was immediately aborted.
Otherwise, the analysis of the trajectories was begun by calling sub
routine MOMCAL.
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Subroutine MOMCAL and Its subroutine AFTMAG were used to de
termine various parameters associated with the trajectories In the
horizontal plane which originated at the target, passed through a group
of spark chambers, were deflected In the magnet, and then passed through
a second group of chambers.

MOMCAL first considered all the triple

spark trajectories (if there were any) from the first group of hori
zontal planes on the magnet side.

For each of these trajectories, the

angle and position upon entering the magnet were calculated.

Subroutine

AFTMAG was then called.
AFTMAG first considered all the triple spark trajectories in
the second group of horizontal planes located behind the magnet.

The

slope for each successive triple spark trajectory was used in conjunc
tion with the data from the trajectory upstream from the magnet to de
termine the particle's trajectory through the magnet.

To check on the

accuracy of how well the trajectory downstream from the magnet matched
the trajectory upstream from the magnet, the difference between the po
sition at which the upstream trajectory exited from the magnet and the
position the downstream trajectory exited from the magnet was calculated.
This difference was used as a parameter to determine which of the tra
jectories behind the magnet best matched the trajectory upstream from
the magnet.
best.

The one with the smallest difference was considered the

Following the calculation of the trajectory of the particle through

the magnet, its radius of curvature could then be found,

which made it

possible to calculate the particle's momentum, assuming its charge was
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already known.

A trajectory ofthis type through the magnet was classi

fied as a (3, 3) trajectory, since it was composed of triple spark tra
jectories both upstream and downstream from the magnet.

A number of

parameters were associated with this (3, 3) trajectory; such as, momen
tum, target intercept, scattering angle, matching difference behind the
magnet, bending angle, etc.
If there were no triple spark trajectories in the group of
horizontal planes behind the magnet, or if none of those'found there
could be acceptably matched to an upstream trajectory, then all the double
spark trajectories found behind the magnet were considered.
dure

The proce

followed in the analysis of the double spark trajectory was the

same as for the triple spark trajectory.

If a satisfactory double spark

trajectory was found, the combination was denoted a (3, 2) trajectory;
and the parameters associated with it were calculated in the same way as
they were for the (3, 3) trajectory.

If no satisfactory double spark

trajectory could be found, then the trajectory in the front group of
chambers was considered bad; and the next one was considered.
If there were no valid triple spark trajectories found in the
front group of horizontal planes, then the double spark trajectories were
considered in the way described above.

These trajectories were denoted

as (2, 3) or (2, 2) trajectories depending upon whether triple spark or
double spark trajectories from behind the magnet were matched.

However,

if there were good triple spark trajectories in the front; the double
spark trajectories from this group of planes were not considered unless
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later on In the analysis all the valid triple spark trajectories were
eliminated.

If no acceptable match was found at the magnet, the event

was considered non-reconstractable and the analysis of the event aborted.
To match the trajectory of the particle on the magnet side
>
with the trajectory of the particle on the range side, subroutine CATRAJ
called subroutine MATHLR.

MATHLR first considered (3, 3) trajectories

from the magnet side, i.e., trajectories which were comprised of triple
spark trajectories both before and after the magnet.

After calculating

the intercept of the magnet side trajectory with the target, subroutine
CALCHR was called.

CALCHR calculated the intercept of the first triple

spark trajectory from the range side (if one existed) with the target and
then calculated the difference between the x-intercepts of the trajec
tories from the two arms of the spectrometer with the target.
using these two trajectories, the x and z coordinates
were determined.

Then,

of the reaction

(The z coordinate was taken parallel to the beam direc

tion, and the x coordinate perpendicular to the beam within the plane.)
If these coordinates were outside certain chosen limits, this
range trajectory was ignored, and the next trajectory from the range
side considered.

If the coordinates were within the acceptable region,

they were recorded; and the next triple spark trajectory from the range
side was used in the same calculation.

If the reaction coordinates of

this combination were within the acceptable region, the difference between
the x-intercepts with the target from this combination was compared with
this difference from the previous combination.
difference was kept.

The one with the smaller

This criterion was chosen under the assumption that
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for thin targets, the x-intercepts of the magnet and range trajectories
with the target, should occur very close to each other.
This process was continued until all the triple spark trajec
tories from the range side had been examined, and the best one chosen.
If no triple spark trajectory occurred, or none were acceptable,all the
double spark trajectories were considered in the same manner as described
above.
This process was then carried out for the remaining (3, 3) tra
jectories on the magnet side.

If one or more acceptable solutions were

found, the analysis of the event proceeded to the next calculation.

If,

however, there were no acceptable (3, 3) trajectories, the (3, 2) trajec
tories were considered.

These were the trajectories comprised of a

triple spark trajectory before the magnet and a> double' spark trajectory
behind the magnet.

The (3, 2) trajectories were associated with the

trajectories on the range side in the same manner as described for the
(3, 3) trajectories.

If none of these were acceptable, then the (2, 3)

trajectories were considered.

When none of the (2, 3) trajectories pro

vided an acceptable match, the (2, 2) trajectories were considered.

If

no acceptable match could be found between the trajectories from the mag
net and range sides; the event was considered bad, categorized accord
ingly, and the analysis of it aborted.
Upon the completion of this subroutine, the major portion of
the trajectory analysis was completed.
analysis remained, which was secondary.

(Only the vertical trajectory
See Section V C 1.)

About 70£

of the events were described by more than one acceptable solution for the
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horizontal trajectory.

Thus, It was necessary to determine which o£

these solutions would be considered first.
routine REORDR was called.
solution events.

To accomplish this, sub

REORDR applied two criteria to these multiple

The first criterion Involved the invariant mass of the

particle on the magnet side, which was calculated using the equation

M - (P/c.|j ) ^

1

2
where M Is the invariant mass in MeV/c ; P is the momentum in MeV/c; and
p is the velocity of the particle in units of c, the speed of light (as
described in Section V C 1).

The value of the momentum from the trajec

tory analysis was used along with the value of |3 calculated from the
time-of-flight of the particle and the distance traveled by the particle
during that time.

If the value of

was unacceptable (either being

negative, zero, or greater than one); the event was considered bad, and
the analysis of it aborted.

Even though the value of

was the same for

each possible solution of an event, the value of p could be different;
and, hence, the invariant mass could be different.
The invariant mass was categorized into five different regions:
a good region (alphas in this case), two acceptable regions - one above
and one below the good region - and two unacceptable regions for the
masses which were less than 1000 MeV/c

2

2

or greater than 8500 MeV/c .

If

all the trajectories being considered had invariant masses outside the
acceptable regions, the event was considered bad, and the analysis of it
aborted.

The remaining trajectories were recorded in the following way.

Those solutions with an invariant mass within the good region were
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considered before those outside the good region.

A second criterion was

applied to those events with more than one solution whose Invariant mass
was in the good region.

These solutions were ranked according to how

well the trajectories upstream from the magpet matched the trajectory
downstream from the magnet.
The fit of the trajectories upstream and downstream from the
magnet constitutes a valid criterion for ordering the data, since con
tinuity of the trajectory is affected.

However, it could be argued that

the analysis was somewhat prejudiced by looking first at those solutions
with an invariant mass in the good region.

To determine if this was

valid, the distribution of events within these mass regions were formed.
It was found that only about 1% of the events had solutions with masses
in two or more regions; and, in the majority' of' these cases, the masses
were found in adjoining regions.

This should not significantly affect

the analysis.
If an event was considered good through REORDR, the vertical
trajectories were then analyzed by subroutines MATVLR and CALCVR.

Each

trajectory on the magnet side was compared with each trajectory on the
range side with the best combination being chosen.

Since there were only

two vertical planes used on the magnet side and on the range side, the
reconstruction efficiency of vertical trajectories was not as good as
for the horizontal trajectories.
The vertical trajectories were used in a secondary way compared
to the horizontal trajectories.

If an event was not reconstractable ver

tically, it was still considered usable.

The vertical trajectories were
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Independent of the horizontal trajectories, and they were used only to
Insure the vertical distribution of events was consistent with the
Monte-Carlo predictions used in the final results.
Upon the completion of the vertical trajectories analysis, sub
routine CATRAJ called subroutine K1NEMA.

Subroutine KINEMA was used to

calculate many of the kinematic quantities associated with the event.
First, the data from the range telescope was used to calculate the kine
tic energy of the particle stopping in the range telescope.
point, all range particles were assumed to be alphas.
value to calculate the momentum of the

At this

Then, using this

particle, and using the value of

the momentum of the particle on the magnet side, along with the horizon
tal and vertical angles associated with these particles, the three com
ponents of the momentum of the recoiling particle were calculated. ■ (If
the vertical angles were not used, only two components were calculated.)
The components of the recoil momentum were used to calculate the kinetic
energy of the recoiling particle.

When the calculations in KINEMA were

finished, the distributions of the measured quantities were formed.

Here,

it was possible to identify and separate the alpha particles on the range
side, using dE/dx criteria.

Detailed separation such as this was done in

the second part of the analysis by computer program DATSRT.
Upon the completion of these calculations, the values of the
analyzed quantities were recorded in matrices and control returned to
MAIN.

MAIN then wrote the parameters extracted from the data comprising

an event on magnetic tape.

If there was more than one acceptable solu

tion for the trajectories, the parameters from up to three of these solu
tions were recorded to describe the event.
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The procedure described above was performed for each event
until all the events of a given run had been analyzed.

Subroutine XSECT

was then called, rfiich printed out the Information collected from the run.
Due to the many possible trajectories to be considered, QUASEI
was a rather slow program.

For example, It took almost 30 minutes CPU

computer time to analyze the 3001 events from Run 245.

This made the

program unsuitable for the studying of the reactions present.

However,

the program was quite successful in finding all possible events .which
could be reconstructed.

Also, QUASEI reduced the amount of information

needed to describe an event by a factor of two.

APPENDIX III
A DESCRIPTION OF COMPUTER PROGRAM DATSRT

The computer program DATSRT was written to identify and sep
arate the variety of reactions recorded in the experiment.

This was

achieved by identifying the two particles which passed through the mag
net and range sides of the system.

Cuts were then made on certain

kinematic quantities to isolate a given reaction; and, finally, the mis
sing energy of the reaction was calculated, which served as a parameter
relating the particles from the charged particle telescopes on the mag
net and range sides.

DATSRT was a comparatively fast program taking

about one-tenth the computer time that QUASEI did for a given run.

This

resulted in quite a saving of time and money, considering how often it
was necessary to run DATSRT to determine the best method of reaction
separation and then executing this process.
The procedure used by DATSRT is diagramed in Fig. 9.

The

"MAIN" zeroed the data matrices and called subroutine ENPARM, which
entered the input parameters needed to analyze the data.

It then read

the data from the magnetic tape written by QUASEI and determined via an
input parameter which one of the up to three possible solutions would
be chosen to represent a given event.

It was found that when any solu

tion other than the first one was chosen, the quality of the data de
creased.

This was as expected, since subroutine REORDR of .QUASEI
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arranged them In this way.
sis.

Thus, the first solution was used In the analy

Certain quantities; such as, the sum of the scattering angles and

the correction to the range TOF, were then calculated; and flags set for
vertical and triple spark events.
An event was categorized first according to the quantities des
cribing it on the range side.

If for a given range channel its dE/dx

was within certain limits (cuts), it was considered a type one event on
the range side.

If it was outside this region, but within another spe

cified region, it was considered a type two event on the range side.
it was outside both these regions, it was not considered.

If

This procedure

achieved both particle identification and reaction separation for the
range particle.

The stopping channel in the range telescope was used

to determine the kinetic energy of the particle.

The Times-of-Flight

of these particles were investigated, but they were not quite good
enough to be used in the separation process.
At this point in the program, slight changes in the range
energy could be made; or the range energy completely recalculated if
this was desired.

This was necessary to obtain the correct energy for

particles other than alphas.

Following this, the momentum of the range

particle was calculated from its kinetic energy and mass.
The program then categorized the event as type one or type two
on the magnet side according to the invariant mass found on the magnet
side.

If the mass was not within either of the ranges defined, the e-

vent was not considered.

In this way particle identification was
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achieved on the magnet side.

The momentum was corrected for the momen

tum lost In the material between the target and the magnet according to
its value of v/c.
With the adjusted momentum, the recoil momentum components were
recalculated along with the magnitude and the angle of the recoil moment
turn.

It was possible to include the vertical angles in this calculation

if it was desired.

From the recoil momentum the recoil energy was cal

culated along with the missing energy.

It was possible to choose which

of the two reactions identified would be displayed as a primary or sec
ondary event.

The program was designed so that any combination of type

one and type two event identification on the magnet and range sides
could be displayed as a primary or a secondary event.
To be displayed as a primary event, the magnet TOF had to lay
within certain cuts for a given range channel.

Cuts were then applied

to other quantities; such as, the x and z coordinates of the reaction
and two quantities which could be chosen by using the appropriate input
parameters.

The cuts on these other quantities were not needed to de

fine a given reaction in the final analysis.
The display distributions were formed for both the primary and
secondary reactions.

All the distributions formed by QUASEI were formed

by DATSRT along with several additions.

These additions included the

displays of the kinetic energy of the particle on the magnet side, the
angle and magnitude of the recoil momentum, and the recoil energy.

Of

particular usefulness were six displays which allowed one quantity to be
displayed as a function of a second quantity.

In total, there were 72
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displays, 54 of the primary type reaction and 18 for the secondary type.
Upon the location of the quantities describing the event within their
respective one-dimensional arrays, a two-dimensional array of the hori
zontal transverse recoil momentum versus the longitudinal recoil momen
tum was formed.
One-dimensional displays were formed for the two times-offlight and the two dE/dx's.
gories:

These displays were arranged in four cate

all events, events not reconstructed, events outside cuts, and

events within the primary reaction cuts. These displays were magnified
by a factor of three over the other displays.

Two-dimensional displays

were formed using the TOF and dE/dx associated with each arm of the
spectrometer for the four categories listed above.

Following this, the

four-dimensional display of the range channel, the missing energy, the
range dE/dx, and the magnet TOF was formed (see Section V D 2).
Each event was processed in this way.

At the end of a run, all

the displays were printed out by subroutine REDOUT.
rays were plotted by subroutine TOPLOT.

Certain selected ar

The plotting of these arrays

was particularly useful in interpreting the data.

APPENDIX IV
MEASUREMENT OF THE 12C (&, & n)1:LC TOTAL CROSS-SECTION

A.

The Motivation for Measuring the

12
11
C(pL,oL n) C Cross-Section

An Important consideration In the design of any scattering ex
periment Is the method by which the beam Is monitored.

Besides the ob

vious need for accurate monitoring, the time structure of the beam must
be considered.

This time structure consists of a prompt spike of high

particle Intensity followed by a more uniform distribution of particles
within the remainder of the beam pulse.

The effect of the prompt spike

is to produce a large number of chance events, between uncorrelated par
ticles.

These chance events can be eliminated by gating the electronics

of the experiment off during the prompt spike.

This requires the moni

toring devices also be gated off during this time to avoid the inclusion
of this portion of the beam in the number of incident particles avail
able to produce the events being studied.
The method used to monitor the beam in this experiment was to
scatter beam particles into monitor telescopes from a secondary target
mounted at a distance of over three meters behind the primary target.
These telescopes consisted of three plastic scintillators operated in
coincidence.

They were gated in the same manner as the scintillators

detecting events from the primary target.

A calibration of the monitor

telescopes was necessary to determine the correspondence between the
number of monitor counts and the number of beam particles.
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This was accomplished by conducting a calibration run in which
a target was activated by the beam particles while the monitor tele
scopes recorded the number of particles scattered into them.

If the

activation cross-section is known for the target nuclei and if the in
duced activity of the target can be accurately measured, the corres
pondence between the monitor counts and the number of beam particles
can be determined.
the reaction
B.

It was for this reason the total cross-section for

12
11
C (0(, otn1
) C was needed

The Choice of the Reaction

12

C(0£. pi n)

11
C as the Calibration Reaction

Of the reactions which are often used for such calibration purposes, the reaction

12
11
C(CK , Otn) C was the most suitable in this case.
'

Targets of natural carbon are readily available, and they are 99%

12

C.

The decay of the ^ C produced through the channel,
" C —

* "6

can be readily identified by detecting the 0.51 MeV gamma-rays from the
annihilation of the emitted positron.

The activity of the activation

target can be determined by comparing it with a calibration source of
22
Na which is also a positron emitter.
is 20.4 min.

11
The half life oftheC decay

This is an easily measured half life which provides a

straightforward method to identify the calibration reaction.
Another advantage of the use of

12
C is the lack of competing

channels which could mask the desired channel.

At high energies the more

important competing channels are those produced by the knock-out of one
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or more nucleons.

Of those which are unstable, only one has a half life

of greater than 20 sect.; and It Is an electron decay with a half life
of 2.7 x 106 years.

The only channel which might produce some contami

nation would be the pick-up reaction

This channel has a half life of 10 min.
small compared to the

Its cross-section should be

production cross-section; and its half life

should make it identifiable should it appear.

There was no indication

of this reaction in any of the calibrations.

C.

The Determination of the

12

C(g . Qj n)

In order to use the reaction
beam, the

11

12

C Production Cross-Section

C(o£, d n)

11
C to calibrate the

production cross-section had to be determined.

Although

this cross-section had been measured at 920 MeV,^ 380 MeV^** and lower
energies,

66

it had not beem measured at 700 MeV.

To carry out this

measurement, the experimental configuration shown in Fig. 42 was assem
bled.
This configuration included two particle telescopes, A and B.
Each telescope consisted of 3 plastic scintillators of either 1/4 in.
thick (A) or 1/16 in. thick (B).

The support electronics for the photo

tubes connected to each of the scintillators are shown in Fig. 43.

For

each telescope the three-fold coincidences were recorded along with the
associated chance coincidences and the singles events from each scintil
lator.
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The procedure followed was to place telescope B directly In
the beam and telescope A at an angle with respect to the beam.
telescope was aligned with a 1/4 In. thick A1 target.

Each

For very low beam

Intensities thfe' counting rates in A and B were measured for A located at
angles from 18? to 42°.

With telescope B removed to a large angle a car

bon target was placed one foot in front of the A1 target.

It was nec

essary to remove telescope B from the beam, since a higher beam inten
sity was required to produce a significant activation of the carbon tar
get in a reasonable length of time.

The activity from the carbon target

was then compared with a calibrated source of

22

Na.

The configuration

for this measurement is shown in Fig. 45.

D.

Result
The

11
12
11
C production cross-section from the reaction
C(<X,dln) C

was found to be 50 + 4mb.

This value is in agreement with the value of
64

48.<9 + 1.8mb at 920 MeV by Radin
Crandell et al.

and 58.1 + lmb at 380 MeV by

65

The techniques utilized in this measurement were not designed
to yield high precision results on the 3% level, such as were employed
by Radin and Crandall et al.

The 8% uncertainty quoted for this result

includes 1.5% statistical uncertainty and 2.4% uncertainty in the target
thickness.

The remaining uncertainty is due to several factors.

Alpha

break-up in the monitor target could produce a count in both the

A and

B

telescopes.

Other sources of uncertainty are associated with the

use of a thick carbon target.

These include out-scattering from the
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surface and internal absorption.

Finally, there is uncertainty asso

ciated with the intrinsic differences between the carbon activation target and the calibrated

22
Na source.

is estimated to be about 7%.

The effect of these uncertainties

APPENDIX V
ALTERNATE CROSS-SECTION CALCULATION METHOD

As mentioned in Section VI, there were two methods used to
calculate the cross-section from the data.

The method described here

relies less on the Monte Carlo technique than the method described in
Section VI.

For this method, the experimental cross-section was calcu

lated from an expression which took the following form:

dr

Tig ( W
I*

where n (q, . , ^q?.
e VMJ. in’

* 6 * T

/q

bin between the limits of q^

?

Hn> \ <

, <

JLout

and q^

A-n., * A - O . , . * A

*

is

number of events in a

+

in *

for the definition of the recoil momentum components.)
recoil momentum q fora given

1

'

V

t

Section

VI A

The value of the

data point was determined from theequation

il l, *

<

V >

-

<

q ^ ^ n was taken as the average value of q.i^n ^or a 8*ven bin, an<i
_o
1/2
^ q ^
was the value of the RMS longitudinal component for that bin.
The value of
tion.

^ 1 out'

was calculated from the Monte Carlo distribu-

The transmission of the system, T, was determined from the Monte

Carlo program.

It can be seen from Fig. 27 that for this configuration

of the system, the transmission was one, except in the extreme limits
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where there were very few events.

The range of energy A E was calcula

ted using the equation for the transverse component of the recoil momen
tum

= P«

Sin 9^

- IpWSin

or

si* e „ d ? n - m

^

Using the equation for the conservation of energy

d E t

*

"dEM

this yields

Eli S'\i\

+ El im

dq^^n was chosen so that the energy width was about that of the energy
resolution on the range side, about 18 MeV.

The solid angles A-£l>^ and

A .&2 were calculated in the usual way.
systems is fi.

The efficiency of the detector
2
I are the number of target nuclei per cm and

the number of particles in the beam, respectively.
There were several disadvantages in using this method to cal
culate the momentum dependent cross-section.

Due to the RMS averaging

processes which were necessary to determine ^ q^(^
data points near q = 0 were not possible.
of q were around 80 MeV/c.

and ^ q^

0u t ^ ^ ^ *

In fact, the smallest values

This broadened the distributions and made

143

extrapolations to zero more uncertain.

Also, the average value of

in

used is not necessarily the mean value for a recoil momentum bln In which
the distribution falls off rapidly.

This is especially true when wide

bins were necessary to account for the energy resolution of the system.
Such bins had widths which were larger than needed for an efficient use
of the events available.
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